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PROVISIONAL pH VALUES FOR CERTAIN STANDARD 
BUFFER SOLUTIONS 
By Roger G. Bates, Walter J. Hamer, George G. Manov, and S. F. Acree 


ABSTRACT 
| §6Por use in the calibration of eleetrometrie pH assemblies, 17 standard buffer 
F solutions have been investigated, and pH values at 20°, 25°, and 30° C have 
> peen assigned tothem. The pH values of these solutions range from 2.27 to 11.68 
} and are considered accurate to +0.02 pH unit. 
Hvydrogen-silver-chloride cells without liquid junctions were used for establish- 

ing the precise pH values of the buffer mixtures. The assumptions made to 
‘determine the activity coefficients of the ions in the mixtures are discussed. 
| The method of assigning an accurate pH value to a buffer mixture is outlined. 
' Directions for preparing the mixtures from purified anhydrous salts, standard 
F solutions of acid and alkali, and pure water are given. Changes of temperature 
P have a larger effect on the pH values of the buffers of pH greater than 7 than 
> on those of the acid buffers. In all cases the effect of dilution is small; an error of 1 

percent in the volume of solvent added results in a change of less than 0.001 pH 

unit. 

The use of a pH! meter of the glass-eleetrode calomel-electrode type calibrated 

i bv means of a standard buffer may often involve greater uncertainties than those 

nherent in the pH value assigned to the buffer mixture. It should be recognized 

that errors arising from liquid junetion, hysteresis, temperature, and salt effects 
may combine to give an uncertainty of 0.01 and 0.03 unit or more in practical 
pH tests. 
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I. RECOMMENDED BUFFER SOLUTIONS 


| In the practice of determining pH (the negative common logarithm 
of the hydrogen-ion activity) by electrometric methods, the x seer 
system is usually standardized by means of buffer solutions of known 
Facidity. Standard reference solutions used in the calibration of such 
pH equipment must be easily reproducible in composition, and stable, 
so that the pH values accurately established for them by means of 
-the hydrogen electrode can be used with confidence. 

| The pH Standards Section of the National Bureau of Standards 
lias in progress the selection and standardization of suitable substances 
of requisite purity and stability. The thermodynamic ionization 
onstants of the weak acids which form useful buffer mixtures are 
being determined at temperatures between 0° and 60° C from electro- 
motive-force measurements of hydrogen-silver-chloride cells without 
liquid junction. These measurements likewise yield information 
regarding the activity coefficients of the ions which compose the 
smixture. The evaluation of the pH numbers from the electromotive- 
force measurements for each buffer solution is then possible. The 


183 
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description of the method and its application to the determinatioy 9: 
the pH values of malonate-chloride mixtures have been giver }, 
detail by Hamer and Acree [1] * and by Hamer, Burton, and Acreo 9) 
It is expected that pure crystalline buffer salts to cover the uses 
pH range in intervals of 0.2 pH unit will ultimately be available, 

In table 1 are listed pH values of 17 mixtures at 20°, 25° gy) 
30° C. All of the values are thought to be accurate within +( 
unit. Compositions are given in table 1 in molalities (moles pe 
kilogram of water); those of table 2 are given in terms of moles of 
alkali or acid and weight of water and of anhydrous buffer salt ry». 
quired for the accurate preparation of the solutions. For wor 
which requires more than one ionic strength, different concentratioys 
of certain buffers having nearly the same pH values are given, |) 
the articles giving the precise data on which the tabulated values ar 
based, the pH values at 0° to 60° C in 5° steps will be given to withiy 
0.001 to 0.002 unit for concentrations of buffers from 0.1 to 0.001 \f 


TABLE 1.—pH values of standard buffer mixtures at 20°, 25°, and 80° ( 


Solu- Molalities | DEH value 
tion Standard buffer mixture 


No. 


my 


- 1f0.0i1549 | 0.01221) | | 2. 262 2. 270 
KHsPO4 (m), HCI (mz) ___- 01105 008710 | 2. 3! 2. 366 | 23° 
HKCsH40, (acid potassium phthalate) | H 
(m;), HCI (m)) | .03600 .O1800 | 3.002 | 3.009) 3.017 
HKCsH,40, (acid potassium phthalate) | | 


_ 


(m . 05000 4, 4. 008 | 4.013 
HKCsH.0« (acid potassium phthalate) |f . 1000 . 0600 | 0.04000 4. 63% 4.629 | 4.6% 

(m) KOH (m2), KCI (a) it ..03000 02000 | .01000 5.07 5.069 | 5.07 
\CH2(COOH)>» (malonic acid) (m,), NaOH |f .02000 03000 | .01000 5. 4 5.444 | 5.454 
f (m2) NaCl (ms) { . 01400 . 02100 . 007000 5. 466 5.476 | 5,487 
| | 

- > . > Toft . 02877 . 01834 . 02877 5. 658 | 6.640 | 6.4% 
\KHsPO4 (m;), NasHPO« (m:), NaCl (ms).|{ “9355, | “Oaocg | cosnan | core gone its 


NalHaPO,4 (m), NasHT PO, (mm), NaCl 


5 
6 
7 
8 
9 
0 
1 


(ms) _-- - 002943 . 004501 . 002943 . 21 7.202 | 7.1% 
\p-HOCsH«SO3K (potassium p-phenol- |f .01896 - 009539 | . 000419 . 905 8.848 | 8.7% 
J sulfonate) (m;), NaOH (m2), NaCl (ms) _ |. .01168 .005875 | .005801 | 8.933 | 8.879 | 88x 

To .006045 | .01210 ; 9.165 | 9.124 
}NasB.0r (m1), NaCl (mz) 004731 | 009465 212 | 9. 168 9.12 
01213 . 009303 | .003022 ; 11. 62 
01796 | . 01377 . 004474 . 8: 11. 68 


to 


ne Bw 

















\NaalT PO. (mj), NaOH (m2), NaCl (ms) 


TABLE 2.—Compositions of the standard buffer mixtures 


, , : Composition ! 
NO, | . 
Solution No | (Amounts to be added to 1 kg of H2O0) 


.108 g KHaPO,; 0.01221 mole HCl. 

.504 g KH3P O04; 0.008710 mole HCI. 

.352 g HK CsH40, (acid potassium phthalate); 0.018 mole HCI. 

0.211 g HK CsH40, (acid potassium phthalate). 

| 20.422 g HKCsH,40O, (acid potassium phthalate); 0.06 mole KOH; 2.982 g KCI. 


26 g H KCsH,40, (acid potassium phthalate); 0.02 mole KOH; 0.746 g KCl. 
g CH» (COOH), (malonic acid); 0.03 mole NaOH; 0.585 g NaCl. 
g CH2(COOH)>: (malonic acid); 0.021 mole NaOH; 0.409 g NaCl. 

15 g KH2PO,; 2.604 g NasHPO,; 1.682 g NaCl. 


.3530 g NaHaP Oy; 0.6390 g NasH PO,; 0.172 g NaCl. om 
g p-HOCsH,S8OnK (potassium p-phenolsulfonate) ; 0.009539 mole NaOH; 0.551 g NaC! 
g a ag go (potassium p-phenolsulfonate) ; 0.005875 mole NaOH; 0.339 g NaC! 
g Na2Bs07; 0.707 g NaCl. 
20 g Na2B,O7; 0.553 g NaCl. 


.456 g NasH PO,; 0.009303 mole NaOH; 0.177 g NaCl. 
.155 g NasH PO,; 0.01377 mole NaOH; 0.262 g NaCl. 





1 For practical work, these amounts can be used in a liter of solution. 
* Figures in brackets indicate the literature references at the end of this paper. 
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Il. PREPARATION OF REAGENTS AND SOLUTIONS 


All of the salts required for the preparation of these buffer solutions 
can be purified by reerystallization from water. Purified potassium 
dihydrogen phosphate, potassium p-phenolsulfonate, p-HOC,H,SO;K, 
dium chloride, and potassium chloride can be powdered and dried 
wy the anhydrous state at 110° ©. Sodium dihydrogen phosphate and 
jisodium hydrogen phosphate should be dried at room temperature, 
or slightly above, for a day or more before complete dehydration at 
ij0° is attempted. In this way fusion of the hydrated salts can be 
avoided. Borax can be dehydrated by fusion in platinum. Acid 
potassium phthalate, o-HKC,H,O,, is supplied by the National 
Bureau of Standards as Standard Sample 84a. It is suggested that 
malonic acid, CH.(COOH),, be purified by washing it with carbon 
tetrachloride and by reerystallizing it from ether. To avoid decom- 


position, the acid and its solutions should not be heated above 66° C. 


A carbonate-free stock solution of sodium hydroxide can be pre- 
pared by the dilution of a 50-percent solution of sodium hydroxide 


fof reagent quality (filtered to remove the insoluble carbonate) with 
{freshly boiled distilled water. Carbonate can be removed from a 
}j0-percent solution of potassium hydroxide by the dropwise addition 


of a strong solution of barium hydroxide until no more precipitate is 
formed. The barium carbonate precipitate should be allowed to 
settle overnight in a stoppered bottle and the clear solution siphoned 
off and diluted with carbon-dioxide-free water. The alkali solutions 
should be standardized against benzoic acid or acid potassium phtha- 
late (NBS Standard Samples 39e and 84a). A solution of hydrochloric 
acid may then be standardized by titration against one of the standard 
alkalies. Phenolphthalein will serve as an indicator in each of these 
titrations. Precautions should be taken to prevent carbon dioxide 
from the air from gaining access to the titration vessel or to the 
bottle in which the standard alkali is stored. 

The buffer solutions should be prepared with freshly boiled distilled 


water. It may be boiled in a large flask which can be closed during 
cooling by means of a stopper which bears a soda-lime tube. In this 
way the danger of contamination of the water with carbon dioxide is 
Pavoided. 


Buffers having pH values near the neutral point or on the acid side 


should be stored in glass-stoppered bottles of resistant glass. It is 
suggested that alkaline buffers be kept in alkali-resistant bottles or 


flasks equipped with a siphon, and with a soda-lime guard tube at the 
wr intake, which permits withdrawal of the solution without the 


ontroduction of carbon dioxide. 


Six-tenths gram of thymol dissolved in each liter of buffer solution 
events mold growth, but the pH values of the alkaline buffers will 


pbe altered slightly. The magnitude of the pH change attendant on 


the addition of thymol to the standard buffer may be determined by 
omparing, by means of a pH meter, the pH value of the untreated 
buffer solution with that of a portion of the mixture to which has 
een added the proper quantity of preservative. The meter need 
not be accurately standardized for the measurement of this small 
hangeof pH. —~ 
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III. SOURCES OF ERROR IN THE USE OF pH METEp; 
CALIBRATED WITH STANDARD BUFFERS 


Measurements of pH with the glass electrode are ordinarily mai) 
at temperatures between 20° and 40° C. The instrument must }y 
calibrated at the temperature of use. These standard buffers ay 
intended only for comparison with dilute aqueous solutions, and the 
pH value of an alcohol-water mixture or of a nonaqueous solutioy 
cannot be determined reliably with an apparatus calibrated by thei 
means. 

It is apparent from an inspection of table 1 that the temperatuy 
must be controlled if the highest reproducibility in the pH of the 
standard solution is to be attained. Most of the acid buffer solutions 
increase in pH, and the alkaline buffers decrease in pH, with rise jy 
temperature from 20° to 30°C. It may be noted that at room tem. 
perature those buffers having pH values on the acid side of the neutrg! 
point show a smaller change with temperature than do those of high 
pH. For a precision of 0.02 pH unit, the measurement of pH values 
above 7.3 must be made at temperatures controlled within 2 degrees, 
and to within 1 degree when the most alkaline phosphate solutions 
are being employed. For measurements on the acid side, control to 
5 degrees is sufficient for the attainment of the same degree of precision, 
A correction must be made for the electromotive force of the reference 
electrode at its temperature [5], including the liquid-junction potential 
(see p. 188). The change in pH with rise in temperature of eact 
buffer can be computed from table 1. 

The pH value of a buffer mixture composed of a weak acid and its 
salt is a function of (a) the tonization constant of the weak acid, (b) 
the ratio of acid to salt, and (c) a ‘“‘salt-effect” term which depends 
upon the total amount and type of ionized substance present. The 
change of the pH value with temperature is largely the result of the 
change in the ionization constant. The salt-effect term is small for 
dilute solutions. On the other hand, accidental errors which alter 
the ratio of acid to salt are serious. Of these, contamination of the 
alkaline mixtures with carbon dioxide is the most common source of 
error. <A carbon dioxide-free atmosphere should be employed whe 
possible, but use of the buffer in air within 10 minutes after its removal 
from the bottle will ordinarily be permissible. 

The addition of water in too large or too small a quantity has a 
relatively small effect, as an inspection of the data of table 1 wil 
indicate. A dilution of 1 percent corresponds to a change of the order 
of 0.001 pH unit. For this reason, the standard buffers may be pre 
pared with an error less than 0.002 pH unit by dilution to a total vol: 
ume of 1 liter instead of by the addition of a kilogram of water. 

The electromotive-force values of the buffers were determined with 
a precision corresponding to 0.001 to 0.002 pH in cells without liquid 
junctions, and the pH values assigned to them probably have ai 
accuracy well within +0.02 unit. In the practical use of thes 
buffers, however, in the calibration of vacuum-tube pH meters that 
have calomel and glass electrodes, the following additional sources ¢! 
error may be present: 

(1) The liquid-junction potentials between the unknown solutiovs 
and the reference electrode, such as the saturated KCl-Hg,Cl-Hy 
system, may differ considerably from those between the standar¢ 
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puffer solution and the same reference electrode. This error may 
ve from 0.01 to 0.08 pil. When strong acid or alkaline solutions 


ral 


are being measured, however, this error may amount to 0.1 to 0.3 


HH unit. 
ae The uncertainties in the temperature equilibrium and the hys- 
reresis in the calomel and glass-electrode systems. Even with normal 
precautions these errors may range from 0.01 to 0.03 pH. 

(3) Slow attainment of equilibrium in the double layer at the 
surface of the glass electrode under certain conditions. This dis- 
turbing hysteresis ts manifested in a calibration “drift” after the glass 


S electrode is removed from a buffer solution of known pH, rinsed once 
} with distilled water or a second buffer, and then placed in the second 


buffer, which may or may not have the same hydrogen-ion activity. 
The electrode should be tested in consecutive small portions of the 


standard buffer or unknown solution until the drift disappears. This 


electromotive-force drift may be caused by adsorption of ions from the 


F preceding solution, and to some extent by reactions of the 015 glass 
| with the Nat, OH™ or other ions im solution, and is especially disturb- 
) ing when the electrode is calibrated im 0.01 to 0.05 MZ buffer and then 
Fused in very dilute unknown solutions. 


An apparent reproducibility of 0.01 m pH readings may indicate 
that the factors (1), (2), and (3) are temporarily constant. The 
error of the measurement, however, may be much larger than 0.01 
pH unit, even though the instrument has been calibrated with precise 
buffer standards. 

For the calibration of glass-electrode assemblies, it is important to 
choose buffers which have pH values and compositions close to those 
of the unknown mixtures. This precaution ts of particular importance 
at pH values above 9.5, where the “alkali error” of the 015 glass 


electrode is large. It is hoped that the pH values assigned to the 
sborate and phosphate standards will be especially valuable im cali- 
| brations of glass electrodes for tests of alkaline solutions such as boiler 
Fwaters. For a precision of 0.05 pH, the 015 glass electrode, when 
p calibrated with standard borax buffer, may be used up to pH 9.5 and 
10.5 in solutions containing 1 N and 0.1 N sodium ions, respectively. 


For the same precision, the standard buffer and an unknown mixture 


s containing 0.1 N sodiuin ion should have pH values differing by 0.1 
= or less above pH 11.7 to minimize the effects of hysteresis of the glass 


electrode. 
The pH value as read from a pH meter of the glass-electrode—calo- 
mel type with liquid junction is expressed approximately by 


(E—E°— Ej) F 


pi 2.3026RT 


where £ is the electromotive force between the electrodes of the 


assembly consisting of inner reference electrode, glass, unknown 
solution, liquid junction, saturated KCl, Hg.Cl, and Hg; £° is the 
standard potential of the cell; 4, is the potential of the liquid junction 
between saturated KCI and the solution of unknown pH; and R, 7, 
and F are recognized constants. 

It is assumed that the asymmetry potential of the glass electrode 
has been compensated by calibration of the instrument with a known 
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buffer and that it remains constant. At 25° C the above equatioy 


becomes 
pH=(E—E°— E))/0.05914. 


According to almost universal practice, the instrument is calibrated 
with a standard solution of known pH value, and E° and £, ay 
assumed to remain constant for the subsequent measurement of 
unknown solutions. The instrument is adjusted to the “theoretical 
slope,’ that is, 0.05914 at 25° C. Thus it is assumed that any 
solution whose electromotive-force value differs from that of the 
standard solution by 0.05914 volt at 25° C will have a pH value 1 unit 
larger or smaller than that of the standard. Adjustments may be 
made for other theoretical slopes corresponding to the value of 2.3024 
RT/F at any temperatures at which the instrument may be used, 
In most commercial instruments this adjustment is made either 
automatically or by a temperature-control knob. 

Fairly concordant values of H°—E; have been obtained from 
measurements of several weak acid buffers having pH values ranging 
from 2.6 to 9.2 [3, 4]. Measurements of strong acid-salt mixtures, 
however, suggest that /, for these solutions may differ by 1 to 3 
millivolts (0.01 to 0.05 pH unit) from the value established by cali- 
bration with a standard buffer [3, 5]. In such cases, the simple 
theoretical relation between pH and electromotive force at that 
temperature is in error, and the measured pH value will differ from 
the true value. This error may be minimized by calibrating the 
instrument with the use of a standard buffer having pH value and 
ion mobilities and concentrations as close as possible to those of 
the unknown. The fact that the theoretical slope is practically that 
found experimentally gives assurance for the future of accurate pH 
measurements, when standards are available for calibration at pH 
values near those of the unknown solutions. 

Until these sources of error are evaluated by extensive precision 
work, it is better to recognize uncertainties of 0.01 to 0.03 pH unit 
or more in practical pH tests. This uncertainty is always present 
in measurements of solutions whose 1on concentrations, dielectric 
constants, liquid-junction potentials, etc., are not known. 


IV. ACCURACY OF THE STANDARD pH VALUES 


To obtain the pH of a standard buffer mixture containing known 
quantities of chlorides, as illustrated in table 2, use is made of the 
fact that the electromotive force (E) between the hydrogen and silver- 
silver-chloride electrodes is related to the pH value [1, 2] by four 
equations which involve the ionization constant of the buffer acid, HAn; 
the concentration of the acid and of its salts; and the activity co- 
efficients of the various ions involved in the reactions: 

E—E° 
pH=$ Se pactlog Meatlog fo, (1) 


(E— E°)F 
2.3026 RT 


+log mc, +log (Myan/Man) =pK—log( for faan /fas); (2) 
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The symbol m represents the molality of chloride and of buffer acid 
and ions indicated in the subscripts; K is the ionization constant; 
z, is the valence and f; is the activity coefficient of each ion indicated 
in subscripts; » is the ionic strength;' a; is the “ionic size’; B is an 
empirical term; and R, 7, and F have their usual significance. H° 
is the standard potential for the reaction 4% H,(1 atm)+AgCl (solid) 
—H++Cl-+Ag (solid), forming HCl at an activity (fm) of unity. 
The values of H° at 20°, 25°, and 30° are taken as 0.22550, 0.22238, 
and 0.21911 volt, respectively [2, 6]. 

For monobasic acid buffers, the last term of eq 2 is very small. 
For such buffers the parameters a, and 8 of eq 3 must be evaluated 
from differences between several series of measurements of solutions 
with varying ratios of chloride ion to buffer acid and anion. 

It may be emphasized that by means of precise work it is com- 
paratively easy to obtain the pK value of the buffer acid within 
+0.001. The use of pK in eq 4 to obtain the true pH of the buffer 
acid-salt mixture may, however, involve comparatively large uncer- 
tainties. The procedure of computing the pH value involves either 
the substitution in eq 1 of values of f; (from eq 3) or substitution in eq 4 
of values of f; and of pK (from eq 2). The best values of a, and 6 
(eq 3) for computing f; for the mixtures are obtained from the observed 
change of the last term of eq 2 when the buffer is diluted. When a, 
and 6 values for the buffers have been ascertained from electromotive- 
force measurements of the solutions at several concentrations, the pH 
value may be computed with a high degree of certainty. Thus the 
pH values for the phthalate buffers, the malonate buffers, and the 
disodium-phosphate—dihydrogen-phosphate mixtures (solutions 3 to 
11, inclusive) listed in table 1 are thought to be correct to well within 
0.005 unit, for extensive measurements of these particular buffer mix- 
tures have been made over wide ranges of temperature and concen- 
tration in the determination of the pK values of the buffer acid by 
means of eq 2. The a; and 8 values so obtained, however, apply only 
to the individual ions which compose the mixture and probably do 
not form a very sound basis for estimating the activity coefficients of 
mixtures of other salts of the buffer acid and other chlorides. 

The pH values of the borate and phenolsulfonate buffers and of 
phosphate solutions 1, 2, 16, and 17 were derived from electromotive- 
force measurements without the use of the most precise a; and 8B 
values for the mixtures themselves. Since the total activity-coefficient 
contribution (last term of eq 4) for these dilute buffers is of the order 
of 0.09 unit or less, an uncertainty of not over +0.02 can safely be 
ascribed to the salt-effect term in the values listed. 

A plot of the known buffer concentrations against the left side of eq 
2, involving the measured electromotive-force data for a series of 
dilutions of a stock buffer-chloride solution of known ratio mc1:Man: 
Maan, gives —log’K (pK) at the extrapolated zero concentration of 
the buffer. This is true because the right-hand term, —log (fe 
faan/fan), becomes zero at the extrapolated zero concentration of the 
buffer-chloride mixture, in which all of the activity coefficients (f,) are 
unity. The same limiting value of pK is reached as a convergence 
point when any reasonable individual values of a; and 8 are used in 


' The fonic strength, u, is defined by n= Zm,z;7/2. For the computation of the molality of each ion species, 
strong electrolytes are considered to be completely ionized. The ionization of the weak acid is computed 
from the ionization constant of eq 2 and 4. 
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eq 3 for computing log f; for each ion. These plots may, howeye; 
have widely different slopes, both negative and positive, when differ. 
ent values of a, and 8 are chosen. It is possible then to choose valye; 
of a, and 8 to keep pK in eq 2 constant for all concentrations of the 
buffer [2]. With these “‘best’’ values for a;, 8, and pK, it is then Dos- 
sible to compute the pH value within the experimental error of 0.00] 
to 0.002 unit for any concentration of the buffer-chloride mixture a 
the same buffer ratio. As the sodium, potassium, and other gg}i: 
in identical concentrations give slightly different electromotive-foree 
data and may require different a; and 6 values, it is obvious that much 
work, on all kinds of salts of the same buffer and on their mixtures 
with various chlorides and other salts, will be required before a, values 
for particular combinations of ions can be estimated to cover all buffer. 
salt mixtures. It is hoped that the activities of the buffers may also 
be measured by other more direct methods to obtain a; and B values 

All of the pH values of table 1 are to be considered provisiona] 
Further work on phthalate, phosphate, borate, and phenolsulfonate 
buffers is in progress and will be reported in detail at its completion, 
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_ SURFACE AVAILABLE TO NITROGEN ON BONE BLACK 


AND OTHER CARBONACEOUS ADSORBENTS!:2 
By Victor R. Deitz* and Leland F. Gleysteen® 


ABSTRACT 


The adsorption of nitrogen was determined at liquid nitrogen and liquid oxygen 
temperatures by measuring the pressure decrease of a known volume of the gas 
exposed to each of 20 different samples of bone blacks, activated carbons, vegetable 
carbons, and coconut charcoals. Typical adsorption isotherms of these data are 
illustrated. Specific surfaces were estimated with fair accuracy from an analysis 
of the data with the aid of the multimolecular theory of adsorption. The surfaces 
of new bone chars, service bone chars, and spent bone chars are compared; the 
ratio of the specific surface of a new char to that of a spent char may beas great as 7. 
The distribution of pore sizes in the adsorbents is discussed and the data are 
divided into five groups, each characterized by a value of n, which is defined as 
the maximum number of adsorbed layers possible on the surface of the material. 
All the samples in each group have a common isotherm when reduced to unit 
surface. The differential heats of adsorption are also determined from the data. 
The adsorption at 77°K is also considered from the standpoint of capillary con- 
densation. The volume, as adsorbed liquid nitrogen, is plotted against the cor- 
responding radius of a cylindrical capillary, which is determined from the Kelvin 
equation. 
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I. INTRODUCTION 


' The filtration of sugar liquors through bone black has been a part 
| of the procedure for cane-sugar purification for over a century. The 
| technical application of this process has reached a relatively high state 


' This investigation has resulted from a joint Research Project undertaken by the United States Cane 


Sugar Refiners and the bone char manufacturers and the National Bureau of Standards. 


A part of the material given in this paper was presented before the Division of Sugar Chemistry and 
Technology of the American Chemical Society at the Memphis meeting, April 1942. 

* Research Associate at the National Bureau of Standards, representing the United States Cane Sugar 
Refiners and the bone black manufacturers. 
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of development without a corresponding advance in knowledge of ¢}; 
fundamental scientific principles involved. This situation is clegr|y 
reflected in the abundance of the patent literature on bone char 4 
compared with purely scientific contributions. In realization of thes: 
conditions a joint research project has been undertaken by the Unite 
States Cane Sugar Refiners, the bone-black manufacturers, and th 
National Bureau of Standards. The object of this investigation js to 
study the fundamental physical and chemical principles which lead tp 
the decolorization and purification of sugar liquors by bone char an 
analogous materials. 

A vast scientific literature has accumulated on the general subjec 
of carbonaceous and noncarbonaceous adsorbents. This includes 
investigations of their nature, preparation, and activation, of thei; 
use in gas adsorption and adsorption in liquids, and upon their use 
as catalysts. There are numerous applications of carbons to a variety 
of processes, such as the purification of sugar, foods, and medicines: 
the treatment of water and sewage; and refining of petroleum products: 
the recovery of solvents and gases; and, of timely interest, for protee- 
tion against toxic gases. There will be no attempt in this report to 
cover the available literature. Reference is dist, however, to the 
extensive bibliography which has been prepared in connection with 
this project for the period 1900-41, inclusive, on the general subject of 
adsorption from the gas phase and from solution, which is expected 
to be available in printed form at an early date. 

One characteristic of all activated carbons and similar adsorbents is 
the large specific surface area which is attributed to them from many 
kinds of data. Estimates range from a thousand to a million times 
that of the external geometrical area as determined microscopically, 
This would include the surface bounding the cracks, pores, crevices, 
and channels, or whatever be the particular disposition of the inter- 
stices of the adsorbent. The chemist is, of course, interested in all 
regions to which a gas or solution may have access and hence be 
available for possible surface reaction. Consequently the primary 
problem is to obtain a fairly accurate measure of the total surface of 
the adsorbents with the object of studying the availability of this 
surface to gas molecules having various chemical and physical proper- 
ties, and second, to study that part of the surface accessible to solution 
phenomena. 

Many methods have been proposed to measure surface areas. 
Among these may be mentioned first the direct observation of the 
shape and dimensions of particles with a microscope, a method of 
obviously limited scope in adsorbents with large internal surfaces. 
The adsorption of radioactive indicators and the adsorption of dyes 
have been widely used since being introduced by Paneth [1].4 Other 
methods that may be mentioned are the rate of chemical attack, which 
has been employed by comparison with a similar material of known 
surface area; the polarization during electrolysis on metal surfaces, 
which involves the use of the hydrogen ion in determining the extent 
of surface; the interference colors produced on metal surfaces, and 
the heat of wetting have also found application. The permeability 
method, which is concerned with the rate of flow of a fluid through 1 
bed of material, has been applied by Carman [2] to evaluate the sur- 


4 Figures in brackets indicate the literature references at the end ofjthis paper. 
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face areas Of powders. Recently Kistler [3] has used the heat con- 
ductivity of a porous substance to estimate surface area. 

Objections can be raised to any of the above methods on grounds of 
either their inapplicability to the present materials or their inadequate 
fundamental interpretation. There is described in this paper a 
method which seems to be less open to criticism, namely the measure- 
ment of the adsorption isotherm at low temperatures. Such data 
were obtained for 20 different materials at both liquid oxygen and 
liquid nitrogen temperatures, and the surface areas were calculated 

Ffrom these data. 


Il. ADSORPTION EXPERIMENTS 
1. SURFACE AREA FROM ADSORPTION MEASUREMENTS 


The extent to which a solid is exposed to the action ofa gas or liquid 
‘is generally much greater than the visible apparent surface. Ob- 
viously a large part of a porous structure is permeated only by small 
gas molecules, and it is such minute units that must serve as a measur- 
‘ing standard if the total surface is to be measured. Since molecular 
species vary in size and other properties, this qualification must be 
splaced in the definition of the surface so measured. For example, the 
} present investigation is a measurement of the surface available to 
nitrogen molecules. 

When a gas or vapor is admitted to a thoroughly evacuated ad- 

'sorbent, the molecules of the former distribute themselves between the 
vas phase and the adsorbed phase. The particular adsorption phenom- 
enon in the neighborhood of the saturation point of the gas, generally 
termed van der Waals’ adsorption, is usually identified with weak 
forces of interaction between the solid and the gas, similar to forces 
jactive in condensation phenomena. The characteristics of this type of 
adsorption are (1) the rapid attainment of an equilibrium state, and 
}(2) the nonspecific nature of the adsorption. In contrast to this type 
‘is the so-called chemisorption in which the forces of interaction are 

-strong, specific, and exhibit a similarity to the forces active in chemical 

reactions. Van der Waals’ adsorption is free of chemisorptive effects 

Fexcept insofar as local regions modify the early stages in the formation 

sof the first adsorbed layer. 

» The technique of measuring adsorption isotherms at low temperatures 
thas been recently applied by Emmett and Brunauer [4] in determining 
the surface area of iron catalysts for synthetic ammonia. In a later 
paper by Brunauer and Emmett [5] the same method was used to 
determine the surface areas of a variety of adsorbents, including two 
charcoal samples. Finally Brunauer, Emmett, and Teller [6] derived 
isotherm equations for multimolecular adsorption which have proved 
to be of some generality. The application of this theory to bone char 
and to other adsorbents containing carbon is discussed in section IV 
of this paper, in connection with the measurement of nitrogen 
isotherms. 

While the present paper was in preparation, three applications of 
this method have been published for a number of finely divided pig- 
ments and carbon blacks. It has been shown from electron-micro- 
scope pictures that carbon-black particles are approximately spherical, 
und an average value for the diameter is so obtained. This has been 
compared by Emmett and De Witt [7] with their value obtained from 
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a determination of the surface area by adsorption of nitrogen at 77° k 
Excellent agreement was obtained: the particular carbon-black particle 
yielded a value of 280 A from electron-microscope data as compare; 
with 310 A obtained from the nitrogen adsorption. Even mor 
striking confirmation was found by Smith, Thornhill, and Bray {g) 
who compared the results for two samples of carbon black. The; 
acetylene-black sample showed a surface of 64 m?*/g by adsorption 0; 
nitrogen, or an average particle diameter of 533 A; the electron micro. 
scope value was 510 A. Another sample of standard-grade rubber 
black (their number 6) showed a surface of 114 m?/g corresponding ty 
a particle diameter of 284 A; the electron microscope value was 280 4 
P. H. Emmett [14] recorded still another case for acetylene-blac; 
particles, the diameter of which was 520 A as determined from adsorp. 
tion of nitrogen and 510 A as obtained with the electron microscope. 


2. APPARATUS 


The experiments to be described involve simply a determination of 
the pressure of nitrogen in a known volume over the adsorbent in the 
range of 1 to 760 mm of mercury after the introduction of a known 
quantity of the gas. The outline of the apparatus is shown in figure | 
With the exception of the pumps, gages, and other accessories, the 
apparatus consists of two sections: (1) the gas burette, manometer, and 
connecting capillary tubing up to stopcocks 2 and 3; and (2) the adsorp. 
tion cell and the capillary tubing up to stopcocks 1 and 3, including the 
bore of stopcock 3. The gas burette, surrounded by a water jacket, was 
calibrated before assembling the apparatus by finding the weight of 
mercury required to fill each bulb. The mercury column in the 
manometer is about 1 cm in diameter. Behind the manometer is a 
mirrored meter scale, and the position of the mercury meniscus js 
noted when it is in coincidence with its image. The important stop- 
cocks have hollow-stopper plugs with oblique bore, and were specially 
ground. The inside diameter of the capillary tubing was about 1 mm. 
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Figure 1.—Adsorption apparatus for gases. 
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The tube which contains the sample of adsorbent is shown in 
F figure 2. Attention is directed to three features of construction: (1) 
» The adsorbent 1s evacuated from above and from beneath, which, 
F coupled with slow initial evacuation, is necessary to keep the sample 
Sin place; (2) the adsorbent sample, when placed beneath the surface 
» of the cooling liquid, is really at the temperature of the liquid, since 
' there is no opportunity for heat conduction through the connecting 
' tubing to the sample; (3) the additional U-bend protects the adsorbent 
» from stopcock grease and mercury vapor during the determination. 
' After a known weight of sample is introduced through the side arm, 
» it is sealed and the tube is attached to the main apparatus through a 
F small ground-glass joint with a plastic cement. 


> 


Wiss 








Figure 2.——Special tube for the adsorbent in the adsorption of gases. 

With the use of the manifold system shown in figure 1, it is possible 
' to run four different samples in sequence. The space around the 
' sample of adsorbent and in the connecting capillary tubing is termed 
| the “dead-space” of the apparatus. Its volume must of course be 
- known in order to calculate the volume of gaseous nitrogen over the 
"adsorbent at each pressure. This has been done under the same 
' conditions as in the adsorption experiments by calibration with a 
> known volume of purified helium. Helium is not appreciably adsorbed 
' at the temperatures employed, and it is readily removed by pumping, 
> with the adsorbent kept at room temperature. 


3. PROCEDURE 


The weight of the sample of adsorbent varied between 0.25 and 1.0 
'g. Except for samples 19 and 20, which are powdered materials, the 
/ particle sizes were between 35 and 80 mesh. The preparation of 
' these samples and the analysis for carbon and hydrogen have been 
P described [10]. 


2 


474862—42—-2 
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The samples of adsorbents contained in weighing tubes were dried 
in an air oven at 130° C for about 20 hours and were cooled in g 
desiccator. The weight was determined before and after the delivery 
of the sample into the adsorption tube, the transfer being accomplished 
as rapidly as possible.® 

The four samples were simultaneously evacuated and heated accord. 
ing to a prescribed procedure. A mercury-diffusion pump supported 
by a Hyvac pump maintained a pressure of about 107° mm for 
periods of evacuation which lasted 18 to 24 hours. The temperature 
of outgassing could be varied up to 900° C, but in the experiments 
reported in this paper the temperature was between 300° and 400° ( 
for all the materials. The continued outgassing of the samples 
between 300° and 400° C for periods longer than 18 to 24 hours had 
no influence on the nitrogen isotherm obtained. At higher tem.- 
peratures significant changes do occur, and these will be reported iy 
a future publication. 

Following the outgassing period, stopcocks 1 and 3 were closed and 
the adsorbent was allowed to cool to room temperature. Helium 
was slowly admitted to the burette section of the apparatus through 
a charcoal trap immersed in liquid air. The pressure and the volume 
were noted. The bath to be used was raised into position around 
the adsorption bulb (either liquid oxygen, —183° C; or liquid nitro- 
gen, —195.8° C). The known volume of helium was expanded onto 
the evacuated sample by opening stopcock 3 and the pressure then 
noted for given positions of the mercury in the burette. The tem- 
perature of the bath was determined with a calibrated copper- 
constantan thermocouple. The char was then allowed to warm to 
room temperature, and the helium was removed by pumping to a 
pressure (as read with a McLeod gage) of 107° mm of mercury, 
After this pumping, stopcocks 1 and 3 were closed and the bath was 
again placed in position around the adsorbent. The helium calibra- 
tion was sometimes performed after the nitrogen isotherm had been 
determined and after the sample had been outgassed for several 
hours. The results were exactly the same, which indicates that the 
removal of helium by pumping at room temperature is essentially 
complete as far as this type of measurement is concerned. 

Purified nitrogen was introduced into the first section with stopcock 
3 closed. After the pressure was measured for a given setting of the 
level of mercury in the burette, the nitrogen was introduced into the 
evacuated sample. For values less than about 0.6 of the relative 
pressure, which is defined as the ratio of the pressure of the gas to the 
saturation pressure, a steady state was obtained in 15 to 20 minutes; 
at higher relative pressures a period of as much as an hour was some- 
times necessary. Both adsorption and desorption points were ob- 
tained in order to detect possible hysteresis. 

Liquid oxygen or liquid nitrogen was prepared from tank oxygen 
or tank nitrogen by passing the gas under pressure through a copper 
coil immersed in liquid air. The temperature of the liquid air de- 
termines the pressure necessary for liquefaction. This apparatus 


§ The weight of adsorbent need be known only to about 0.5 percent. Consequently the relatively elaborate 
method of drying discussed in [10] is not required. 
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has been described by Lane and Watson [9]. During the adsorption 
experiments, the bath was maintained at a constant level by addi- 
‘ions from a reservoir of liquid nitrogen or liquid oxygen. 

The nitrogen for the adsorption measurements was the commercial 
water-pumped product, which was purified by passage through a 
tube packed with metallic copper maintained at about 450° C. The 
vas then passed in order through Ascarite, activated alumina, and 
phosphorus pentoxide. It was drawn into the adsorption burette as 
required, and the excess was allowed to bubble through a mercury 
trap into the atmosphere. 


4. DISCUSSION OF ADSORPTION ISOTHERMS 


lsotherms for 20 different samples are reported. These include 
four samples of new, that is unused, bone char from different sources; 





80 
















































































RELATIVE PRESSURE 


Figure 3.—Adsorption isotherms of nitrogen on four bone chars at 77° K. 


The volume adsorbed, V, is in milliliters per gram of adsorbent. 


six bone chars obtained from several cane-sugar refineries, where they 
were sampled at various stages in the char filtration; six decolorizing 
carbons other than bone char; two activated coconut-shell charcoals; 
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and, in order to broaden the scope of materials investigated, a sample 
of carbon black used in rubber compounding and a sample of petroleum 
coke. As mentioned before, these samples are the identical materials 
and are numbered the same, as those previously described [10]. 

Altogether 57 nitrogen isotherms are considered in this paper for 
these 20 samples. Figures 3, 4, 5, 6, 7, and 8 are typical. Figure 3 
illustrates the isotherms for four bone chars at 77° K. The eo. 
ordinates are: relative pressure, rc, as abscissa, r being equal to the 
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FIGURE 4.— Adsorption isotherms of nitrogen on four bone chars at 90° K. 


The volume adsorbed, \, is in milliliters per gram of adsorbent. 


pressure of nitrogen over the char divided by the vapor pressure of 
nitrogen at the particular temperature of the bath; the volume of 
nitrogen absorbed per gram, V, as ordinate, where the volume has 
been calculated to the standard conditions of 0° C and 760-mm 
pressure. The curve, char 2, is for a new sample of bone char; the 
two next curves, chers 9 and 14, ure for service chars, of which char 9 
had been in use for the shorter time; the bottom curve, char 15, is for 
a spent bone char. 
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Fiaure 5.—Adsorption isotherms of nitrogen on five adsorbent carbons other than 
bone char at 77° K. 


The volume adsorbed, V, is in milliliters per gram of adsorbent. 
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Figure 4 gives the isotherms for the same samples at 90° K. At 
first glance these curves might appear to be isotherms of the Lang. 
muir type, where a limiting value of the adsorption is inferred. Hoy. 
ever further consideration shows that the curves are the first parts of 
S-shaped isotherms, which is to be expected in the relative pressure 
range up to r=0.3. 

Figures 5 and 6 give the isotherms at 77° and 90° K, respectively. 
for a number of carbons other than bone char. It may be seen that 
the S-shaped isotherms of figure 5 are characteristic for these ma- 
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FiGuRE 6.-— Adsorption isotherms of nitrogen on four adsorbent carbons other than 
bone char at 90° K 


The volume adsorbed, V, is in milliliters per gram of adsorbent. 


terials as well as for the bone chars of figure 3, although the volume 
of the nitrogen adsorbed is much larger. The experimental isotherm 
for the carbon-black sample in figure 7 is also S-shaped. In marked 
contrast to these isotherms is that for coconut-shell charcoal illustrated 
in figure 8. The adsorption here proceeds according to the Lang- 
muir isotherm for unimolecular adsorption. Only at the highest 
pressure measured (above z=0.9) is there any indication of the curve 
turning upward. That gases are adsorbed on carbons according to 
the unimolecular mechanism is thus seen to be an exception rather 
than arule. Of all the carbon adsorbents investigated in this paper, 
coconut-shell charcoal alone shows this property. 
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It is important to note that no pronounced hysteresis was detected 
iy these experiments. Upon several occasions desorption points 
taken directly after the greatest pressure reading of the experiment 
were in complete agreement with the adsorption points. 
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Figure 7,—-Observed and calculated isotherms of nitrogen on Arrow carbon black 


at.77° K. 


Experimental points are in circles, and the curve is calculated with n==4. The volume absorbed, V, is in 
milliliters per gram of absorbent. It is to be noted that as saturation is approached, nm most probably 
increases. 


It may be seen that the isotherms at 90°K (figs. 4 and 6) extend 
about one-third toward saturation pressure and, therefore, are to be 
compared with the first third of the curves at 77°K (figs. 3 and 5). 
The curves in figure 6 also appear to be of the Langmuir type, but are 
merely the first portions of the S-shaped curves. Readings in the 
neighborhood of saturation are difficult because of the sensitivity of 
adsorption to small changes in pressure and temperature and the 
danger of condensation as the gas at a higher pressure is introduced 
to the adsorbent. It is to be further noted that the adsorption of 
carbon 19, which has an S-shaped curve, is greater in general than that 
of the coconut-shell charcoal 1, which is shown to follow a unimolecular 
isotherm, although, as will be shown later, the surface is greater for 
the coconut charcoal. 
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M1GURE 8.— Adsorption isotherms of nitrogen on two samples of activated coconut. 
shell charcoals at 77° K. 


The volume adsorbed, V, is in milliliters per gram of adsorbent. 


III. METHOD OF CALCULATING THE AVAILABLE 
SURFACE 


1. THEORETICAL BASIS 


Brunauer, Emmett, and Teller [6] have developed a theory to 
account for the adsorption of gases in multimolecular layers. The 
development is a generalization of Langmuir’s treatment of the 
unimolecular layer [11], and the theory is quantitative with certain 
limitations. According to these authors a statistical equilibrium exists 
between the formation of various layers due to condensation of the 
gas and the removal of the layers due to evaporation. By equating 
the rate of condensation of gas molecules on top of the 7 th layer to 
the rate of evaporation from the (i+1) th layer, an expression is 
derived which can be summed over the entire surface. The principal 
assumptions of this theory may be listed as follows: (1) the postulates 
of Langmuir as to the expressions for the rates of adsorption and 
evaporation; (2) the heat of adsorption in a given layer is independent 
of the number of adsorbed molecules already present; (3) the heats 
of adsorption in the second, third, and higher layers are equal to each 
other and to the heat of liquefaction (E,); (4) the ratio of the rate 
constant for evaporation to the rate constant for condensation is the 
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same in the second and higher layers; (5) the heat of adsorption in 
the first layer, /,, may be estimated if the ratio of the rate constants 
in the first layer is assumed to be the same as in higher layers. These 
assumptions limit the pressure range to which the theory can be 
applied. It may not be applicable to relative pressures less than 
about 0.05, since local enhanced heats of adsorption may lead to 
chemisorptive processes. Also at the higher relative pressures 
approaching saturation, the interactions of neighboring molecules 
within the layer become significant and may lead to deviations. 

Three equations are developed in [6] which have application to 
the data of this paper: 


vert 1—(n+1)r"+ nr**! 
js 1 | (¢ 1)a eo. 


or 


| mK: 1 |p 
l—z+cer Vipo—p) tm | tme Po 


\’=the volume of gas at 0° and 760 mm adsorbed per gram. 

‘q-=the volume of gas at 0° and 760 mm which, when adsorbed, 
covers the surface of 1 g of the adsorbent with a unimolecular layer. 

p=the pressure. 

r=the relative pressure of the gas and is equal to p/po, where pp» 
is the saturation pressure of the gas at the temperature of the 


adsorption. 

n=the maximum number of adsorbed layers to which the adsorption 
is limited in thickness. 

c=the measure of the increase of the heat of adsorption over the 
heat of liquefaction (4;), namely, /,—E,=2.303 RT log ce, where 
fk, is the heat of adsorption in the first layer, R is the gas constant in 
calories per mole per degree, and 7 is the temperature in degrees K. 
Equation 1 was derived by summing the condensation-evaporation 
equilibria over the total surface with the provision that 7 1s finite. 
This factor, n, will be referred to in some detail in this paper. 

Equations 2 and 3 are limiting cases of eq 1. When n=1], eq 1 
reduces to the Langmuir-type eq 2, which accounts very well for the 
data obtained with the activated coconut-shell charcoals. From the 
second formulation of eq 2 a straight-line graph may be obtained by 
plotting p/V against p, and the values of », and ¢ may be calculated 
from the slope and intercept, respectively. Figure 9 illustrates the 
behavior of a sample of coconut-shell charcoal. The agreement with 
the required linearity is excellent. 

In contrast to unimolecular adsorption, there is the opposite extreme 
of adsorption on open free surfaces where n may be infinitely large, 
that is, where there is no limitation to the number of adsorbed layers 
that can form on the surface. In this case eq 1 reduces to eq 3. For 
values of n as large as 4 or 5, which is the case for bone chars, and for 
values of r up to 0.25, eq 3 becomes a good approximation to eq 1. 
Hence to use this approximation, one plots the experimental isotherm 
in the low-pressure region with p/V(po—p) as ordinate and z as 
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abscissa, according to the second formulation of eq 3, and from the 
intercept of the straight line, equal to //v,,c, and its slope, equal ty 
(c—1)/vme, it is possible to evaluate ¢ and vy. In applying thes 
equations to the bone-char data, such linear curves are obtained 
as may be seen in figure 10. The data used are the same as thos 
given in the isotherms of figure 4. 

There is an alternative method of evaluating v,, and c, which may 
be used for bone chars and which must be used in the case of decolori. 
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Figure 9.—The linear plot of p/V against p for nitrogen adsorbed on No. 1 sampl 
of coconut-shell charcoal at 89.7° and 77°K. 


Note that the maximum pressure for the 89.7°K line corresponds to a relative pressure of about 0.3, but 
the point at 650 mm on the 77°K line corresponds to a relative pressure of 0.85. 

ing carbons other than bone char. This consists in substituting the 
experimental values of V (for example at r=0.1 and 0.2) into eq 1. 
Upon assuming different values for n, the resulting calculated values 
for v, and ¢ are tested by comparing the remaining part of the adsorp- 
tion isotherm with the experimental data. Figure 11 illustrates the 
results for new bone char 2 and figure 12 for service bone char 3. 
As may be seen from these plots, it is possible to reproduce the exper 
mental isotherm for a particular set of constants up to a relative 
pressure of about 0.5 to 0.6. Above this pressure the sheuriek adsorp- 
tion always increases faster than the calculated values. The sets 0! 
values for n, ?m, and ¢ giving the best agreement are entered in table! 
and will be discussed in the next section. 

For the decolorizing carbons other than bone char, the linear plot 
of p/V(py—p) against p/p does not hold as it did for the bone chars. 
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The plot of p/V against p, which is the test for unimolecular adsorp- 
tion, also is not linear. The explanation is that the values for n are 
approximately 1.5 or 2 and for these small values eq 3 cannot hold. 
Consequently ?, and ¢ must be calculated by substituting the experi- 
mental values of V and z into eq 1, assuming different values for n, 
in the manner described above. Figure 13 illustrates the results for 
carbon 6. When n is assumed to be 1.5, the values obtained are 7,= 
141 and c=58; when n=2, v,=129 and c=106; finally when n=3, 
r,=119 and c=510. The value of n=2 yields a calculated curve 
which is in best agreement with experiment up to a relative pressure 
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Ficurg 10.—The linear plot of p/V(po—p) against p/po for nitrogen adsorbed on 
four samples of bone chars at 90° K. 


of about 0.4 to 0.5. A value of 2.2 would, perhaps, give a little better 
agreement; however, for the present no attempt has been made to 
establish the absolute value of n with greater accuracy. <A value of 
n==2.2 has been reported by Brunauer, Emmett, and Teller [6] for a 
sample of activated carbon designated as granular Darco G. In 
connection with this behavior, these authors [6] have pointed out that 
as long as the capillaries of an adsorbent are fairly uniform in diameter, 
eq 1 can describe the entire course of the isotherm with a fair degree of 
accuracy. Should the size of the pores in an adsorbent vary con- 
siderably from the average, the experimental points will fall above the 
theoretical curve at higher pressures and below the curve at lower 
pressures. They propose an equation to take care of the varying size 
of capillaries, but its practical use is inexpedient because of the large 
number of constants. The subject of capillaries is further discussed 
in section VIT. 
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FIGURE 11.—Observed and calculated isotherms of nitrogen adsorbed on new bone-char 
sample 2 at 77° K 
Experimental points are in circles, and isotherms are calculated at values of n=3, 4, 5,and 6. The volume 
adsorbed, V, is expressed in milliliters per grain of adsorbent. 
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MicuRE 12. Observed and calculated isotherms of nitrogen adsorbed on service 
bone-char sample No. 8 at 77° 


Experimental poiitsarein circles, and isotherms are calculated at values of n=4, 5,6, and. The volume 
adsorbed, V, is expressed in milliliters per gram of adsorbent. 


lt may be observed that the calculated isotherms are more sensitive 
to a unit change in m when 7 is small than when n is large. This may 
be seen by comparing figures 11 and 13. It is surprising that the 
isotherms of a new bone black (fig. 11) and a service bone black 
(fig. 12) may be fitted by the same value of n. The progressive 
aging of a bone black, with its accompanying decrease in efficiency, 
has been attributed to the accumulation of insoluble salts. However, 
if this deposition occurred in the larger pores, the distribution of pore 
sizes in new and used bone-black samples would be essentially un- 
changed for gas adsorption. 
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Figure 13.— Observed and calculated isotherms of nitrogen adsorbed on the No. ¢ 
activated carbon at 77° K, 


Experimental points are in circles, and curves are calculated at values of n=1.5, 2, and 3. The volum 
adsorbed, V, is expressed in milliliters per g of adsorbent. For n=1.5, 0m=141, and c=58; when n=2, 
Om=129, and c=106; when n=3, 0m =119, and c=510. 


2. DISCUSSION OF TABLE OF RESULTS 


Table 1 summarizes the results for the surface calculations. As 
previously mentioned, v» is the volume of nitrogen measured at 0° C 
and 760 mm which, when adsorbed, covers the surface of 1 g of sample 
with a unimolecular layer. The first group contains the data for new 
bone-char samples from different manufacturers. The values for ” 
are either 4 or 5. In the second group are the bone chars which have 
been in service in cane-sugar refineries, and for these, too, n is either 
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4or 5. The third group includes the vegetable and the activated 
carbons, and for these n is either 1.5 or 2... The two charcoal samples 
in group 4 are definitely characterized by n=1. Finally, for the 
carbon black sample, m is about 4, but for pressures higher than 
70.6, n most probably increases. 

In order to calculate the area of the surface from v,,, it is necessary 
to know how the nitrogen molecules are packed on the adsorbing 
surface, since its area is simply the product of the number of adsorbed 
molecules times the average area that each molecule occupies in the 
adsorbed state. This procedure has been discussed by Emmett and 
Brunauer [4] and by Brunauer, Emmett, and Teller [6j, who con- 
sidered liquidlike packing as the best approximation that is available 
at present. ‘The uncertainty in the knowledge of the packing factor 
constitutes the main limitation on the accuracy of this method of 
surface measurement. For comparative purposes the error intro- 
duced by this uncertainty is cancelled. A rough estimate of the 
accuracy would indicate a value of 5 percent for relative purposes, 
usually much better, but about 20 percent for absolute accuracy. 
However, the agreement with the electron-microscope data for the 
carbon blacks, as mentioned in section II-1, indicates much better 
accuracy than 20 percent for particles which may be considered rela- 
tively nonporous. There is no method at present to check the surtace 
calculations for highly porous materials. However, there does not 
appear to be any reason for assuming unique adsorption behavior for 
highly porous materials in the regions in which capillarity effects, 
such as hysteresis, are excluded. 

By assuming hexagonal close-packing for liquid nitrogen, one obtains 


for the diameter, 2), of a single N, molecule: 


_60(0.74) 
Nar 


where » is the molar volume of the liquid in milliliters, N, is Avo- 
gadro’s number, the factor 0.74 is the fraction of the total space filled 
by spheres hexagonally close-packed. Thus PD is the diameter in 
centimeters of an isolated sphere. When the surface is covered, 
hexagonal close-packing in two dimensions is assumed to occur, and 
in this case the fraction of the surface covered by the projection of 
the spheres on the surface is 0.908. The surface, S, in square meters, 
covered by 1 ml of gas becomes: 


| 1 m{ 60(0.74) re 
YD WHFS 1 ae, sable’ J ee AY9;,2/3 
S=2.705 X10 came Hl oN 0.4120°”. 
97 


2.70510" is the number of gas molecules per milliliter. The molar 
volume for liquid nitrogen was obtained from the International Critica] 
Tables. A plot was made of S against 7’ in order to facilitate the 
calculation for the surface of each sample at the particular temperature 
of the experiment. For example, at 90.0° K, S=4.61, m?/ml No, and 
at 77.0° K, S=4.37, m?/ml N>. 

The results of the surface calculation are shown?in column 7 of 
table 1. The surfaces of new bone chars vary only from 104 to 120 
m’/g for four samples of different manufacturers, a fact which is 
indicative of the uniformity of the current production of bone char. 
Bone char 9 of limited service shows a surface of 83.5; the char, 8, 


Ds 


’ 
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of gray appearance is next with a surface of 60.2; three other servic, 
chars show surfaces of 40.1, 37.2, and 35.6; a spent char shows a sur. 
face of 18.0. We may therefore draw a parallel for these bone chars 
between the surface areas and the efficiencies with which the samples 
are known to decolorize sugar liquors. However, it should be pointed 
out at once that the surface available to nitrogen molecules is not 
that available for adsorption from solution. The ratios between the 
total surfaces of materials of similar origin may, nevertheless, be the 
same as the ratios of the corresponding surfaces available to solution 
adsorption. 

It is to be noted that the wide spread in the values for ¢ in various 
experiments with the same char does not imply corresponding uncer- 
tainties in H,—E,. This is due to the logarithmic relationship 
fh, — E,=2.3 RT log c. 


Tape 1.—Results of the surface calculations for bone chars and other carbonaceons 
adsorbents 
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1 Adsorption per gram of adsorbent. 
3 Standard temperature and pressure. 





fey —— sO) 


Surface Available to Nitrogen 21] 


TapLe 1.—Results of the surface calculations for bone chars and other carbonaceous 
adsorbents— Continued 
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' Adsorption per gram of adsorbent. 
? Standard temperature and pressure. 


IV. ISOTHERMS REDUCED TO UNIT SURFACE 


The isotherms for the group of bone chars show wide variance in 
the amount of nitrogen adsorbed. By referring to figure 3 and to 
table 2, it may be seen that the volumes of nitrogen adsorbed at 
r=(),2, for example, are 33.4, 23.3, 11.7, and 5.13 ml for bone chars 
2, 9, 14, and 15, respectively. The corresponding values for v, as 
given in table 1, may be seen to vary between 22.6 for char 2 and 4.25 
for char 15, which is greater than a fivefold variation. Despite these 
large differences, it will be seen from the following calculation that the 
amount of nitrogen adsorbed per unit surface of each sample is the 
_ same for all the bone chars at a given relative pressure of the nitrogen. 
This is true to within the over-all error of the experiments at relative 
pressures from r=0.1 to r=0.6. 
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The data in table 2 illustrate this correlation for a number of bor, 
chars at 77°K. The values for V were obtained from the experi. 
mental isotherms for the given values of z. The definitions of ;, y 
and vm are as previously used. Figure 14 shows this same conclusio;, 
in a graphical manner, an average curve being drawn through the 
points indicated. At relative pressures of r=0.6 and higher, inqj. 
vidual differences begin to be manifested. At higher pressures sligh; 
differences in the distribution of the wider pores bring about diffe. 
ences in the amount adsorbed. But below z=0.6 the quantity 6 
nitrogen adsorbed (at a given value of xz) depends simply on the areg 
of the surface available to the nitrogen. As indicated in the tables 
the total spread of the values for V/v,, is rarely more than 5 percent, 


TABLE 2.—Value of V/vm for the adsorption of nitrogen on bone chars at 77° K 


{Values given under V are in milliliters at STP] 
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Table 3 contains the data for bone chars at liquid oxygen tem- 
erature; these data are shown graphically in figure 15. It may be 


rf interest at this stage to point out the widely different sources of 


these samples. The new bone chars were obtained from three 
separate manufacturers. Service char 9 was furnished by the 
National Sugar Refining Company. It had been used about a month 
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Ficvre 14.—Adsorption isotherms of nitrogen on eight different bone chars at 77°K 
reduced to unit surface in a plot of V/vm against p/po 


For the data see table 2. 


and then retained as a standard for laboratory filtration tests. Serv- 
ice char 3 is an example of a bone black in the latter stages of its effec- 
tiveness; spent char 15 had been discarded by the Revere Sugar 
Refinery; service char 14 was obtained from the Savannah Sugar 
Refinery; service char 8 is a good decolorizer, although the carbon 
had been reduced in revivification furnaces to 2.7 percent, leaving the 
material of a gray appearance. An experiment is planned in which a 
sample of bone char will be subjected to repeated decolorization and 
Tevivification cycles and the adsorption of —— per unit surface 
determined at various stages. Such data will offer a better test for 
the constancy of the adsorption reduced to unit surface. 


474862—42-_3 
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TaBLE 3.—Value of V/vm for the adsorption of nitrogen on bone chars at 90°K 
[Values given under V are in milliliters at STP] 
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15,.-Adsorption isotherms of nitrogen on eight different bone chars at 90° K 
reduced to untt surface in a plot of V/vm against p/po. 


For the data see table 3. 


A possible interpretation of these results is to be found in attributing 
approximately the same pore-size distribution to all the bone char 
Py : 


samples investigated. Moreover in these adsorption measurements 
the fraction of surface covered varies between 0.8v,, to 2v,. Conse- 
quently, the determinations are being made on the most uniform 
portion of the surface, since the active or other heterogeneous regions 
have already been covered in the early stages. In this manner a pure 
surface effect is measured which is independent of chemisorptive 
influences. 

The results for the samples other than bone black show analogous 
behavior but with significant differences for the value of n. Tables 4 
and 5 are obtained from the data on such samples. The isotherms for 
the chars with the value of n=2 fall into a group about a single reduced 
isotherm; similarly, the two carbons with n=1.5 constitute another 
group. If one considers the data for all the adsorbents, including the 
coconut-shell charcoals, five curves are characterized by n=1, 1.5, 2, 4, 
or 5, and these suffice to plot the nitrogen adsorption per unit surface. 
These reduced isotherms are illustrated in figures 16 and 17. The 
conclusion may be drawn that the value of n is a quantitative 
index, of limited accuracy, of the maximum average diameter of 
those pores effective in adsorption at relative pressures less than 0.6. 
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TaBLE 4.—Values of V/v for the adsorption of nitrogen on carbons other than bon, 
char at 77°K 


[Values given under V are in milliliters at STP] 
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—Values of V/tm for the adsorption of nitrogen on carbons other than bone 
char at 90° K 


[Values given under V are in milliliters at STP] 
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PaBLe 6.—Value of V/v,, for the adsorption of nitrogen on coconut charcoa 
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16.— Adsorption isotherms of nitrogen at 77°K reduced to unit surface for 
the five classes of adsorbents characterized by n= 1, 1.5, 2, 4, and 6. 


























For the data, see tables 2, 4, and 6. 
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Figure 17.—-Adsorption isotherms of nitrogen at 9O°K reduced to unit surface for 


the five classes of adsorbents characterized by n=1, 1.5, 2, 4, and 5. 


For the data see tables 3, 5, and 6. 


The question may arise as to whether the method of determining 
’, would necessarily lead to identical values of V/v,, at a given value 
of z for all the bone chars. However, from eq 1 it is seen that V/v,, 
at a given value of z is a function of n, and thus for a given value of n, 
Viv, depends only on c. But from the nature of van der Waals’ 
forces of adsorption, c is substantially constant for the same type of 
materials in this pressure range. Therefore the equivalence of the 
adsorption per unit surface is verification of a similar distribution 
of pore sizes in all those samples in which vn is the same. 


V. HEATS OF ADSORPTION 


As the process of adsorption progresses from the earliest stages to 
saturation, the heat of adsorption may change somewhat as follows: 
(1) Designating FE, as the heat of liquefaction and / as the average 
heat of adsorption on the first layer, the heat of adsorption may be 
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greater than I’, on the most active parts of the empty surface; (2) ;; 
is equal to E,, which corresponds to adsorption on the less active gy, 
roughly homogeneous part of the surface; (3) following this, the he,; 
of adsorption approaches FE, as the polymolecular layers form; (4 
the heat of adsorption may again become slightly greater than F. 
as the heat of capillary condensation is liberated [12]. : 

In the adsorption experiments of this investigation the aboy 
processes (2) and (3) are chiefly concerned. The region of goq 
agreement between the observed and calculated isotherms is for values 
of V/v,, from 0.8 to about 2, which is just the region where processe; 
(2) and (3) may occur. 

There are two methods of estimating the heats of adsorption fro 
the nitrogen isotherm data. A value of EH, may be calculated from 
eq 1 by noting that in the theory of multimolecular adsorption, 
i, —E,=2.303 RT loge. The results of this calculation are assemble( 
in table 7. The value for the molal heat of vaporization at 77.3° K 
is 1,332.9 calories, and at 90.0° K, 1,510 calories, as obtained from the 
data of Giauque and Clayton [13]. 

The second method of evaluating the heat of adsorption is to use 
the Clapeyron-Clausius equation with the data from the isotherms at 
the two temperatures, 90° and 77.3° K. The pressures corresponding 
to equal amounts of adsorbate are determined from the isotherms and 
substituted in the following equation: 

dyv= 2 sn EDM Ps 
T, 7, 


Here gy is the differential heat of adsorption at a definite value of 
V, and p and 7’ are the pressure and the absolute temperature. These 
results are also given in table 6 and show, in general, a decreasing 
value of gy with increasing adsorption, as required by the assumed 
model for the adsorptive mechanism. 

The agreement between the two methods is rather satisfactory in 
view of the uncertainties involved. The same amount of adsorbate 
at two different temperatures may not be in strictly comparable 
conditions. Something comparable to this situation must exist for 
the adsorbents of high surface having a value of n=1, 1.5, and 2, 
since the surface determined at the lower temperature is appreciably 
greater. It is to be noted in table 6 that the value for gy decreases 
toward E, as the volume adsorbed increases. 

Table 7 contains the calculated £, values from each isotherm at the 
two temperatures. The difference between the two, AZ,, is on the 
average greater than the difference between the heats of vaporiza- 
tion, namely /,(90°) — E,(77.3°) =1,510—1,335=175 calories. 


TaBLE 7.—Comparison of EF; with the calculated 


differential heats of adsorption 
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TaBLE 7.—Comparison of E, with the calculated differential heats 
of adsorption—Continued 
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VI. DEPENDENCE OF THE ADSORPTION ON CAPILLARITY 


It has been shown that the nitrogen isotherms obtained in these 
experiments may be interpreted by means of the multimolecular 
adsorption theory of Brunauer, Emmett, and Teller for values of z 
from 0.1 to 0.5 for bone-char samples as well as for vegetable carbons. 
In this theory the concept of capillarity enters through the restriction 
of multimolecular adsorption caused by the proximity of plane parallel 
walls between which the adsorption takes place. The region of 
adsorption between r=0.5 and saturation might most probably be 
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interpreted, at least from a qualitative point of view, in terms of , 
change in pore-size distribution. As the adsorption progresses ay; 
the multimolecular layers form in appreciable amounts, the smallo 
capillaries are filled. The remaining available distribution is thys 
dominated by the larger unfilled capillaries. 

Since the theory of multimolecular adsorption, as expressed jy 
eq 1, is not accurate enough to account for the adsorption at higher 
pressures, and the more elaborate equations of Brunauer, Deming 
Deming, and Teller [12] are too difficult to handle mathematically 
it may be of interest to examine the data in terms of the capillary 
condensation theory. From this theory it follows that condensatio) 
must occur in cylindrical capillaries according to the Kelvin equation: 


In Pl Po= Serr (4 


Here y is the surface tension; v is the molar volume of the liquid: 
R is the gas constant, equal to 8.31410" ergs per degree; T is the 
absolute temperature; and r is the radius of the concave meniscus 
This theory impiles that all capillaries of the same uniform cross 
section will be either empty or else be completely filled. Experimen- 
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Fraure 18.—Adsorption at 77° K on bone chars in a plot of the volume of liquid 
nitrogen adsorbed, V1, per gram of adsorbent against the corresponding radius of a 
cylindrical capillary as determined from the Kelvin equation. 


The five points in cireles correspond to z=0.5, 0.6, 0.7, 0.8, 0.9, respectively, 
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FicurE 19.—Adsorption at 77° K on adsorbent carbons other than bone char in a 
plot of the volume of liquid nitrogen, Vz, per gram of adsorbent against the corre- 
sponding radius of a cylindrical capillary as determined from the Kelvin equation, 


The five points in circles correspond to z=0.5, 0.6, 0.7, 0.8, and 0.9, respectively. 


tally the sharp rise in adsorption demanded by the theory has never 
been found. This has been explained by assuming a continuously 
varying distribution of the cross sections of the capillaries. 

From eq 4 a value of 2r equal to 30 A is obtained for nitrogen at 
77° K to correspond to the value of p/pp equal to 0.5. Since the 
diameter of the nitrogen molecule considered as a sphere in the liquid 
state is 4.3 A, a diameter of 30 A is of plausible order of magnitude for 
capillary condensation phenomena. In figures 18 and 19 the volume 
of liquid adsorbed, Vz, is plotted against r for a number of materials 
included in this paper. To express the adsorption in milliliters of 
liquid nitrogen, the density of nitrogen gas at 0° and 760 mm was taken 
to be 1.2506 g per liter [13]. Equation 4 was used to calculate r from 
; the data of the experiment along with the required constants in the 
International Critical Tables. 

It can be seen from the graphs of V;, against r in figure 19 that the 
slopes of the curves for carbons other than bone char seem to be 
approaching zero as the adsorption increases. According to the 
theory of capillary condensation, this would mean that there are only 
a relatively small number of pores with large radii. The major part 
of the adsorption on the carbons other than bone chars appears to 
occur in capillaries of less than 20 A radius. <A distribution curve for 
the capillaries would, therefore, have a relatively narrow breadth and 
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a& maximum somewhere in the region of very narrow capillaries 
However, the adsorption for the bone chars shows a much steeper rise 
as may be seen from figure 18, where about half of the adsorption 
takes place in capillaries greater than 20 A. Consequently a distri 
bution curve for a bone char would have a greater breadth to indicate 
the presence of capillaries of larger cross section available fo; 
adsorption. 

No matter what the mechanism of the adsorption at low values of 
p/po, it is reasonable to think that the narrow interstices in the struc. 
ture of the adsorbent promote adsorption. From purely thermo. 
dynamic considerations this may occur whenever the adsorbate jg 
confined to regions small enough to change the escaping tendency from 
the value for the liquid state. Condensation must occur, therefore. 
at the higher pressures in the small interstices between broken crystal 
aggregates. However, it cannot be quantitatively stated at present 
how closely it is necessary to approach saturation pressure in order to 
obtain an appreciable contribution to adsorption from this source. 

The success of the multimolecular theory of Brunauer, Emmett, 
and Teller in the pressure range between c=0.05 and 0.5 leads to a 
consideration of the difficulties with the theory in the high-pressure 
range. The derivation of the equations is based on a mode! involving 
condensation on and evaporation from the various layers in multi- 
molecular adsorption. The value of V corresponding to v, does not 
mean that at this point the surface is completely covered with a uni- 
molecular layer. On the contrary, appreciable amounts of layers of 
two, three, and even four molecules in thickness may be present. In 
this mechanism a statistical equilibrium between layers of adsorbed 
molecules is postulated. A complete statistical theory involving the 
evaporation and condensation of individual molecules would take into 
account the interaction of neighbors within the layer and thus ap- 
proach more closely to the actual situation at the higher relative 
pressures. 

One of the main achievements of the theory of multimolecular ad- 
sorption as embodied in the papers of Brunauer, Emmett, and Teller 
[6] and Brunauer, Deming, Deming, and Teller [12] is that it gives a 
complete picture of van der Waals’ adsorption, and accounts for the 
variety of different-shaped isotherms that can be found in the litera- 
ture. Although there are difficulties with a quantitative application 
of the theory close to saturation pressures, it accounts quantitatively 
for all of the isotherms given in this paper up to about p/p)=0.6. 
For the purpose of this investigation the most important feature is 
that it enables one to calculate relative values for the specific surfaces 
of adsorbents with a fair degree of accuracy. 


We express our appreciation to Stephen Brunauer, of the Bureau of 
Plant Industry, United States Department of Agriculture, and to 
P. H. Emmett, of the John Hopkins University, for valuable discus- 
sions on the principles of adsorption involved in this paper. We also 
express our appreciation to Eloise A. Swick for her assistance in the 
calculations. 
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» PREPARATION OF LOWER ALDONIC ACIDS BY OXIDA- 
TION OF SUGARS IN ALKALINE SOLUTION 


By Horace S. Isbell 


ABSTRACT 


Directions are given for the preparation of l-erythronic, d-threonic, d-lyxonic, 
|-xylonic, and d-arabonic acids by means of oxidation with oxygen of certain sugars 
in alkaline solution. d-Arabonic acid was obtained in about 70-percent yield, in 
agreement with the results of prior investigators. Lower yields were obtained for 
' other aldonic acids, and they do not differ greatly from those obtained by oxidation 
with air. Nevertheless, the simplicity of the method makes it suitable for the 
production of lower aldonic acids by persons requirmg a supply of these scarce 
materials, l-Erythronic and d-threonic acids were separated in the form of brucine 
salts, the optical rotations of which were found to be represented by the following 


0 
| expressions: [a] = —28.4—0.85C+0.025C?, in which C is the grams of anhydrous 
D 


20 
brucine l-erythronate in 100 ml of aqueous solution; and [a] =—28.5—0.9C+ 


 0.025C*, in which C is the grams of anhydrous brucine d-threonate in 100 ml of 
aqueous solution, 
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I. INTRODUCTION 


From a study of the oxidation of reducing sugars with air in alkaline 
solution, Nef and his collaborators [1] ! found that under the influence 
of alkali a reducing sugar forms a 1,2-enediol which undergoes oxida- 
tion and yields formic acid in addition to an acid containing one less 
carbon than the parent sugar. The over-all reaction appears to be 
represented by the following equation: 


CH,OH (CHOH),CHOH.CHO+ 0,->CH,0H (CHOH),COOH + HCOOH.'! 


By using oxygen in place of air, Splengler and Pfannenstiel [2] de- 
veloped a method for the preparation of potassium d-arabonate from 
dextrose in 60 to 75 percent of the theoretical yield. 


LT 
' Figures in brackets indicate the literature references at the end of this paper. 
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Subsequently, by essentially the same procedure, Neuberg and 
Collatz [3] obtained d-arabonic-5-phosphoric acid as the barium qj; 
from fructose-5-phosphoric acid in 89-percent yield, whereas Richy. 
myer, Hann, and Hudson [4] obtained /-galactonic acid as the potys. 
sium salt from perseulose in 45-percent yield and d-altronic acid gs 
the calcium salt from sedoheptulose in approximately 20-percey; 
yield.’ 

From these publications it was obvious that the oxidation of redyp. 
ing sugars with oxygen in alkaline solution provides a convenien; 
means for obtaining the lower acids. A supply of Jl-erythron 
d-threonic, /-xylonic, d-lyxonic, and d-arabonic acids was needed {o; 
other investigations, and hence the preparation of these acids was 
undertaken by the oxidation of Jl-arabinose, d-xylose, J-sorbos, 
d-galactose, and d-glucose, respectively. Previously, Nef and his 
collaborators had prepared (-erythronic, d-threonic, and d-lyxoni: 
acids in yields of about 30 percent, by oxidation of /-arabinose, d-xylose. 
and d-galactose with air in alkaline solution, and it seemed probab) 
that much higher yields might be obtained by the use of pure oxygen 
Experiments with oxygen appeared to proceed smoothly, and titre- 
tions indicated the production of only slightly more acid than thai 
corresponding to the reaction of eq 1. Nevertheless, it was noi 
possible to separate the desired products in high yield. The sim. 
plicity of the process, however, makes it practical for the production 
of pentonic and tetronic acids from sugars which are not very difficult 
to obtain. The preparation of /-xylonic acid from /-sorbose is particu- 
larly noteworthy, because /-xylonic acid can be used as an intermediate 
in the preparation of ascorbic acid. 


II. OXIDATION METHOD 


The following procedure was employed for the oxidation of the 
sugars and for the preparation of the solutions of the nonvolatile 
acids. In each case 0.05 mole of the sugar was added to 200 ml. of 
0.85 N potassium hydroxide solution, previously cooled to 0° C, and 
saturated with oxygen. The solution, in a thick-walled flask, was 
mixed on a shaking machine with oxygen at a pressure of from 5 to 1j 
pounds per square inch until the absorption of oxygen ceased (about 
24 hours), after which 5 N hydrochloric acid was added from a burette 
in amount equivalent to the potassium hydroxide originally used. 
The solution was evaporated under reduced pressure to a thin sirup, 
which was diluted with 50 ml of water and evaporated a second time 
to substantial dryness to remove all volatile acids. The residue in the 
flask was digested with 25 ml of hot isopropyl alcohol (99 percent), 
and cooled to room temperature. After sufficient time for crystalliza- 
tion to take place, the potassium chloride was separated by filtration, 
washed with hot absolute alcohol, and discarded. One gram of 
decolorizing carbon was added to the alcoholic filtrate and the mixture 
was given a second filtration to obtain a clear alcoholic solution of the 
nonvolatile acids. 

2 A total of 5.1 g of Ca(CeH1107)9-3.5H20 was obtained from two crude sedoheptulose solutions estimated 
to contain 10.5 g of sedoheptulose each. 


3 In each case the potassium chloride residue was tested to make certain that organic material was 00 
discarded; sometimes a second washing with hot alcohol was necessary. 
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Ill. PREPARATION OF BRUCINE I-ERYTHRONATE FROM 
1-ARABINOSE 


The alcoholic solution of nonvolatile acids obtained from the oxida- 
tion of 0.05 mole of l-arabinose was mixed with 23 g (0.05 mole) of 
brucine dissolved in 100 ml of hot 95 percent alcohol. The mixture 
was placed in a refrigerator and was allowed to stand, with occasional 
stirring, for 24 hours while crystallization took place. The resulting 
ervstals were collected on a filter and washed with 95 percent alcohol. 
The air-dried product weighed 17.5 g and melted at 190° to 195° C. 
The mother liquor was evaporated to a sirup (about 15 ml) which 
after saturation with isopropyl alcohol gave 3.4 g of crystals with a 
melting point of approximately 115° C. The second mother liquor 
gave additional crystals weighing 2.7 g and melting at 205° C. The 
first crop of material (mp, 190° to 195° C) was heated to boiling with 
15 ml of absolute alcohol, and the mixture was cooled and filtered. 
The crystals on the filter were washed with 10 ml of absolute alcohol, 
and the filtrate and washings were used to extract the second crop 
(mp, 115° C), with the result that the melting point was raised to 200° 
©. The crystalline fractions which remained at this point melted 
above 200° C and had a combined weight of 18.7 g._ By recrystalliza- 
tion from hot ethyl alcohol (600 ml) and concentration of the mother 
liquors, a total of 13 g of substantially pure brucine /-erthyronate was 
obtained. The yield of brucine /-erythronate, 43 percent, was only 
slightly higher than that obtained by Nef, Hedenberg, and Glattfeld 
[5] by oxidation of l-arabinose with air. 

For analysis the material was recrystallized again from hot alcohol 
and dried at room temperature in air. The substance separates in 
slender truncated prisms which melt at 212° C and give the following 
analysis: Calculated for CsH.O;-Co3Hos0,No: + C, 61.12; H, 6.46. Found: 
C, 61.38; H, 6.30. The specific rotation in water at a concentration 
of 4 ¢ per 100 ml of solution was found to be appreciably higher than 
the value —28.4 reported for brucine l-erythronate at the same con- 
centration by Ruff [6] and by Neuberg and Hirschberg [7]. However, 
by crystallization of the salt from aqueous solution, a product was 
obtained which gives [a]?=—28.5. An analysis of this material 
shows that it is a hydrate with 3.0 moles of water of crystallization. 

The hydrated form of brucine l-erythronate separates from a con- 
centrated aqueous solution in the form of slender rectangular plates 
which lose water on heating. The loss in weight when the crystals 
were heated at 100° C in vacuum was 9.23 percent, whereas the water 
content of the compound C,H Os-C23H.0,No:3H,O is 9.25 percent. 
The hydrate, when heated slowly, has the same melting point as the 
anhydrous salt, but when heated rapidly, it melts at a much lower 
temperature. ' 

Although the existence of the hydrate may account in part for the 
variation in the values for the optical rotation of brucine /-erythronate 
reported in the literature, some of the variation may have come from 
failure to take into consideration the concentration of the salt. In 
1901, Ruff [6] reported specific rotations of —28.4 and —30.7 at 
weight concentrations of 4 and 9 percent, but he did not comment on 

‘In the event that an excess of brucine is present, several recrystallizations are required to obtain the pure 


salt. Apparently the excess brucine crystallizes with the aldonic acid, perhaps as a basic salt. ‘The excess 
brucine, if present, can be removed by extraction of an aqueous solution of the salt with chloroform. 


474862—-42——-4 
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the exceptionally large concentration effect. Measurements in the 
present investigation gave specific rotations of —30.0, —31.4, and 
—34.6 at concentrations of 2, 4, and 10 g per 100 ml. From these 
values the equation [a]? = —28.4—0.85C0+-0.025C, in which C is the 
concentration of the anhydrous salt in water solution, may be calcu. 
lated to represent the optical rotation of brucine /-erythronate. The 
measurements reported here were made with a polarimeter using 
sodium light. It is noteworthy that concentrated solutions of brucine 
aldonates cannot be read satisfactorily with quartz-wedge saccharim. 
eters with the ordinary light source, because the rotatory dispersion 
of the solution is not satisfactorily compensated by the dispersion of 
the quartz wedges, and the resulting color effects prevent accurate 
matching of the saccharimeter field. 


IV. PREPARATION OF BRUCINE-d-THREONATE FROM 
d-XYLOSE 


The alcoholic solution of nonvolatile acids obtaimed from. the 
oxidation of 7.5 g (0.05 mole) of d-xylose was mixed with 23 g (0,05 
mole) of brucine dissolved in 100 ml of hot 95 percent alcohol. Crys- 
tallization began almost immediately; after 24 hours the crystals were 
collected on a filter, washed with alcohol, and dried. They weighed 
20 g and had a melting point of 207°C and [a]?=—43.7. By evapo- 
ration of the mother liquor, a second crop of crystals weighing 3.2 g 
was obtained. The second mother liquor on evaporation gave a 
crystalline residue which melted below 100° C, but failed to give any 
fractions which appeared to contain brucine d-threonate. Inasmuch 
as both crops of crystals reacted alkaline to litmus, the presence of an 
excess of brucine was suspected, possibly in the form of a basic salt. 
To remove the excess brucine, the two crops were combined and dis- 
solved in 100 ml of water, and the aqueous solution was extracted 
with a total of 150 ml of chloroform in four portions. The chloroform 
extract was discarded, whereas the water solution was evaporated 
under reduced pressure to a semifluid crystalline residue which was 
mixed with 15 ml of isopropyl alcohol. After several hours the result- 
ing crystals were collected on a filter, washed with ethyl alcohol, and 
dried. The crude product, brucine d-threonate, weighed 8.5 g, 
melted at 210° C, and gave [a]?=—29.4. In addition to this, 5.3 g 
of crude brucine d-threonate was obtained by concentration of the 
mother liquors followed by the addition of absolute alcohol. 

The yield, approximately 45 percent, is somewhat higher than that 
obtained by Nef, Hedenberg, and Glattfeld [5] from the oxidation of 
d-xylose with air. 

After recrystallization from 30 parts of boiling 95 percent ethy! 
alcohol and air-drying, anhydrous brucine d-threonate was obtained. 
The anhydrous material melts at 214° to 216° C. 

The specific rotation of brucine d-threonate® was found to vary wide- 
ly with concentration; specific rotations of —30.2, —31.7, and —35.0 
were obtained for aqueous solutions containing 2, 4, and 10 g, respec- 
tively, per 100 ml. The equation [a]*%%=—28.5—0.9 C+0.025 C’ 
(in which C is the grams of anhydrous salt per 100 ml of water solu- 
tion) was calculated from these values. This equation is nearly the 


4J.U. W. Nef, Liebigs Ann. Chein. 403, 259, 266 (1914) reported [a]}f = —32.4 (HyO, C=4). 
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same as that representing the optical rotation of brucine /-erythronate, 
Hence brucine l-erythronate and brucine d-threonate cannot be dis- 
tinguished by means of optical rotation measurements. Brucine 
d-threonate on recrystallization from water gave a monohydrate 
rather than a trihydrate as in the case of brucine l-erythronate. 
Brucine d-threonate monohydrate crystallizes in flat rectangular 
prisms which differ in appearance from the needlelike prismatic 
crystals of brucine l-erythronate trihydrate. The sample of brucine 
J-threonate monohydrate gave the following analysis: Calculated for 
C,H 05-Co3HO.N2-H,0O: C, 59.11; H, 6.61; H,O, 3.28. Found: 
C. 59.00; H, 6.57; H,O (loss at 100° C), 3.16. 


vy. CONVERSION OF BRUCINE J/-ERYTHRONATE OR 
d-THREONATE TO THE CORRESPONDING ACID 


The brucine salt was converted to the free acid by treating a 
concentrated aqueous solution of the salt with an equivalent quantity 
of 0.5 N barium hydroxide solution. The brucine set free by the bari- 
um hydroxide was extracted from the aqueous solution with chloro- 
form. The aqueous solution containing the barium salt was heated to 
boiling, and standardized sulfuric acid was added in amount equiva- 
lent to the barium hydroxide originally used. The resulting barium 
sulfate was separated, and the aqueous filtrate was evaporated to 
dryness. After heating 18 hours at 100° C, the residue was distilled 
in high vacuum to yield the crystalline gamma lactone. If seed 
crystals are available, the distillation can be omitted and the lactone 
can be separated from the residue by extraction with ethyl] acetate. 


The ethyl acetate solution on the addition of ether yielded the crys- 
talline lactone after seeding. 


VI. PREPARATION OF CADMIUM I1-XYLONATE- 
CADMIUM BROMIDE FROM 1-SORBOSE 


The alcoholic solution of nonvolatile acids obtained from the oxida- 
tion of 9 g (0.05 mole) of l-sorbose was evaporated under reduced 
pressure to a thin sirup, which was diluted with 50 ml of water. The 
aqueous solution was heated to boiling and digested for 30 minutes 
with 4.3 g (0.025 mole), of cadmium carbonate and, after the addition 
of 8.6 g of cadmium bromide tetrahydrate, the resulting solution was 
filtered. Ethyl alcohol was added to the filtrate until two liquid 
phases began to appear, whereupon the solution was seeded with 
cadmium /-xylonate-cadmium bromide (8) and was placed in the 
refrigerator. After 1 day the resulting crystals were separated, 
washed with aqueous alcohol, and dried in air. The crude cadmium 
l-xylonate-cadmium bromide thus obtained weighed 8 g. Attempts 
to obtain additional products from the mother liquor were unsuccess- 
ful, and the yield of cadmium /J/-xylonate-cadmium bromide, 
i aaa was found to be 42.6 percent of the theo- 
retical. 


VII. PREPARATION} OF d-LYXONO-7-LACTONE FROM 
d-GALACTOSE 


The alcoholic solution obtained from the oxidation of 9 g (0.05 mole) 
of d-galactose was evaporated under reduced pressure to a thick sirup, 





2329 Journal of Research of the National Bureau of Standards 


which was heated for 18 hours at 100° C. The resulting lactone was 
dissolved in three 50-ml portions of hot isopropyl alcohol. Thy. 
alcoholic solution was concentrated to a sirup which was seeded wit} 
crystals of d-lyxono-y-lactone. After 2 days, crystallization was sub. 
stantially complete and the crystals were separated, washed wit) 
ethyl acetate, and dried. On evaporation the mother liquor gaye 
additional crystals which were combined with the first crop and wer 
recrystallized from acetone. The resulting product weighed 2.1 ¢. 
melted at 114° C, and gave [a]*?=+82.7. These constants are jn 
agreement with those reported by Nef, Hedenberg, and Glattfeld fo; 
d-lyxono-y-lactone. The yield, 28 percent, does not differ widely 
from that obtained by Nef by means of oxidation of d-galactose with 
air.® 


VIII. PREPARATION OF CALCIUM d-ARABONATE FROM 
d-GLUCOSE 


The alcoholic solution of nonvolatile acids obtained from the oxida- 
tion of 9 g (0.05 mole) of d-glucose was evaporated under reduced 
pressure to a thin sirup, which was diluted with 100 ml of water. The 
aqueous solution was heated and digested for 30 minutes with 2.5 ¢ 
of calcium carbonate, and the resulting solution was filtered. Ethy! 
alcohol was added to the filtrate until two liquid phases began to 
appear, whereupon the solution was seeded with calcium d-arabonate 
and allowed to stand in the refrigerator. After 1 day the crystals 
were separated, washed with aqueous alcohol, and dried in air. The 
crude d-arabonate weighed 8 g. After recrystallization from hot 
water by the addition of alcohol, 7.7 g of pure calcium d-arabonate 
Ca(C;H,O,)2-5H,0 was obtained. This is 67 percent of the yield 
theoretically possible. The identity of the product was established 
by conversion to d-arabono-y-lactone. 
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6J. U. W. Nef, Liebigs Ann. Chem. 403, 247 (1914), reported 27.4 g of lactone sirup from 100 g of d-galactose, 
which, on further treatment, gave 18.4 g of crystalline d-lyxono-y-lactone. The latter corresponds to 4 
22-percent yield. 
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CHARACTERISTICS OF WIDE-ANGLE AIRPLANE-CAMERA 
LENSES 


By Francis E. Washer 


ABSTRACT 


The relative illumination in the focal plane was measured for a number of wide- 
angle airplane-camera lenses, using a method depending upon the determination 
of the light-transmitting area of the lens effective at definite orientations of the 
lens. A new factor dependent on the lens design was found to be operative in 
reducing the values of the relative illumination in the unvignetted portion of the 
field for certain types of lenses. Determinations of the resolving power were also 
made and showed considerable variation in performance with type of lens. The 
effect of basing the distortion values upon the calibrated focal length instead of 
the equivalent focal length was determined. 
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I. INTRODUCTION 


In the production of aerial photographs for use in mapping, the 
negative size established in the United States Department of Agricul- 
ture is 9 by 9 inches, and a lens of 8%-inch focal length is recom- 
mended.!. This combination produces negatives that are suitable for 
both planimetric and topographic mapping. However, some Govern- 
ment mapping agencies, such as the United States Geological Survey, 
are interested in producing more accurate topographic maps than can 
be obtained with this combination, and they have encouraged the 
development of short-focal-length lenses capable of producing usable 
imagery over a greater angular field for the same, or smaller, negative 
size than obtains for the typical 84-inch lens. Negatives produced by 
these wide-angle lenses are especially useful in topographic mapping, 
because the stereoscopic relief for contour work increases as the angle 
separating the image from the center of the negative increases. In 
the past 2 years numerous short-focal-length lenses, whose half- 
angular field ranged from 40° to 50°, have been submitted to this 
Bureau for examination to determine their suitability. An unusual 
opportunity was accordingly offered for studying the characteristics 
of a great variety of wide-angle lenses, and the results are presented in 
this paper. 


' United States Department of Agriculture Specification A~A PC-1102 (as approved March 1940). 
233 
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II. RELATIVE ILLUMINATION IN THE FOCAL PLANE 


The present trend toward the use of wide-angle lenses in airplane 
photography has renewed interest in one aspect of lens performance 
that previously did not demand serious attention, aol illumina- 
tion in the focal plane. The latitude in film sensitivity is such that, 
when the half angle of the area imaged by the lens does not exceed 30°, 
the difference in negative density between 0° and 30° is not sufficiently 
great to occasion concern. However, if the half angle of the lens 
increases to 45°, the difference in illumination between the center and 
extreme portion of the negative becomes serious, since the center of the 
negative is overexposed, whereas the extremes are underexposed. 
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Figure 1.—Schematic drawing to illustrate change of illumination with angle 8. 
(a) AB, opening in plane X; (b) AB, opening in plane X; EF, entrance pupil of lens, L. 


Several factors are operative in producing a reduction in the amount 
of light received by a given unit area in the focal plane. The first of 
these is illustrated in figure 1, a. Let light from a distant uniform 
extended source, S, pass through the circular opening, AB, in the 
opaque plane, X. Let M be the midpoint of the opening, and 0 
the intersection of the normal 10 drawn to the plane Y that is 
parallel to plane X. Let P be any point in plane Y, such that a line 
joining M and P makes angle @ with OM; then it can be shown to a 
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satisfactory degree of approximation that the relationship between 
the illumination F, at point P and EF, at point O is 


Vp==Ey cos‘ 0. (1) 


It has been customary to extend the coverage of this relationship 
to the case where the entrance pupil, EF, of the lens serves as the 
circular opening, figure 1, 6. This is a reasonable assumption, 
because the entrance pupil of the lens is simply the image of the 
diaphragm stop opening as formed by that part of the optical system 
lying between the diaphragm and the object, and as such should behave 
as the simple circular opening illustrated in figure 1, a. It is shown 
later in this paper that this is not always true. The second major 
factor is the encroachment of the lens boundary into the light path. 
This reduction of the effective diaphragm area by the lens mounting 
is called vignetting. Until the development of wide-angle lenses, 
vignetting was the principal factor in reducing the illumination at 
the edge of the picture. The illumination at 30° is 56 percent of the 
axial illumination (from eq. 1), and this reduction is not sufficient to 
impair seriously the quality of the negative if no vignetting is present. 
However, when the half angle is increased to 45°, the illumination at 
45° is 25 percent of that on the axis when no vignetting is present. 
Hence the vignetting must be kept small indeed if good negatives 
are to be made with wide-angle lenses. It is difficult to make good 
use of negatives made when the ratio of illumination in different parts 
of the focal plane exceeds 8 to 1. It was therefore considered worth- 
while to determine by measurement the relative illumination in the 
focal plane for a number of wide-angle mapping lenses. During the 
course of this investigation, an additional factor affecting the illumi- 
nation in the focal plane was discovered and found to be associated 
with the design of the lens. 

An indirect method is used in determining the relative illumination 
in different parts of the focal plane. Referring to figure 1, a, it is 
evident that the expression for relative illumination may be written: 


FE, = (Ag/ Ao) Eo cos’ 8, (2) 


where Apis the area of the opening AB in the plane X, and Ag is the 
projected area of AB as viewed at the angular obliquity 6. For 
figure 1, a, Ag=Apy cos 6, but for a lens whose effective light-trans- 
mitting area is reduced by vignetting or other causes Ag< Ay cos 8. 
A method was therefore devised to measure Ag and Ap. 

The lens was mounted on a stand that permitted rotation about a 
vertical axis. Thelens diaphragm was set at the selected stop opening, 
and the edges of this opening were illuminated from the rear of 
the lens by a fixed source. Photographs of the stop opening were 
made with an auxiliary camera in front of the lens. The lens under 
test and the camera lens were made as nearly coaxial as possible for 
the zero setting of the lens. The position of the lens was adjusted 
with respect to the vertical axis of rotation until no transverse dis- 
placement of the diaphragm image was noticeable when the lens 
under test was rotated from the zero position to the limit of its range. 
Photographs of the diaphragm opening were taken at 5° intervals 
from the centered position to 45° from the axis. Prints were made 
from these negatives, and the area of each image was measured with 





936 Journal of Research of the National Bureau of Standards 


aplanimeter. Theratio ofthe area, As, at any angle, 0, to the area. 
Ap of the axial image is taken as equivalent to the ratio of the effective 
aperture area at the given angle to the axial aperture area. This 
ratio, A,g/Apo, is therefore the same as that appearing in the expression 
for relative illumination in the focal plane, as written in equation 2. 
The values obtained are shown in table 1 and given graphically jy 
figure 2. 
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ANGULAR SEPARATION FROM AXIS IN DEGREES 
Ficure 2.—Ratio of effective aperture area, A», to axial aperture area, Ao. 


TABLE 1.—Ratio of Ag to Ao for four lenses" _ 

















Angular separation from axis 
Manufacturer and lens | Relative |_ 
type number aperture 


0° | 5 10° i 20° 25° 


{ - 000 0.995 lo. 962 0. i 0.799 |0. 72: 
\ - 000 |..._..]| .969 | .§ ‘ . 820 | . 7% . 647 
{ .000 | .959 | .906 | . .775 |. : 520 
| .000 | .982 | .974 | .9F .92 903 |. - 819 
f -000 | .988 | .878 | . 9% . . 835]. . 660 
\ . 7 = Se ee : 2 | .675 
f -000 | .993 | .913 | .783 | .659 | .507 | .3:! . 192 
\ -000 |......| .974 | .957 | .92 893 |. . 748 
! 


Ag=area of lens diaphragm opening; A»==srea of effective diaphragm opening at angle @ from lens 
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Vignetting by the lens boundary becomes effective at a small angle 
for lenses B1 and C2 when used at the maximum f/value, and conse- 
quently the curve of Ag/Ay departs from*cos 6 at the start, as may be 
seen in the number 2 curves in figure 2. However, when B1 is stopped 
down to f/10, the cosine law is followed out to 35°, at which point 
vignetting begins and curve 3 falls away from curve 1. For C2 at 
{/11, the cosine law is followed to 30°, and vignetting becomes effective 
‘at that point, as evidenced by curve 3, branching down from curve 1. 

Since the relation Ag/Ap=cos @ was found to be followed in the 
unvignetted region for lenses B7 and C2, it is somewhat disconcerting 
to find that for lenses AZ and C1 the values of A»/Ao are consistently 
below the corresponding values of cosine 6. This departure is present 
at both aperture ratios, although it is somewhat less pronounced at 
ihe smaller aperture ratio. For lens AJ, vignetting begins at 35° for 
aperture f/6.3 and at 40° for aperture f/11. For C7, vignetting begins 
at 40° for aperture f/5.5, and at 45° for aperture f/11. Hence this 
departure of Ag/Ay from the corresponding value of cosine @ is present 
in the unvignetted region, and the amount of this departure is greater 
than can reasonably be assigned to experimental error. This is 
shown for a lens of the A/ type in table 2, where the percentage de- 
parture of values of Ag/Ay from corresponding values of cosine @ in- 
creases progressively with increasing angle. Since the errors in 
measurement do not on the average exceed +1.5 percent, this depar- 
ture of Ag/Ao from cosine 6 is markedly greater than can be attributed 
to error. For example, the departure at 30° is —16.3 percent at 
aperture f/6.3. This is definitely in the unvignetted region and must 
arise from some cause that has not heretofore been generally recog- 
nized. This condition did not prevail for all lenses studied. It 
therefore seemed probable that such variation in behavior could only 
arise from differences in the lens design. To verify this hypothesis, 
a series of computations was made for a lens of the Al type. These 
computations consisted in tracing rays that were parallel and of 
various linear separations in the object space through that portion of 
the lens lying between the diaphragm opening and the object space. 
This was done for axial rays and for rays in the plane of the optic axis 
that made an angle of @ with the axis. The linear separation of each 
ray from the axis at the point where it passed through the plane of the 
diaphragm was determined, and pairs of rays were selected that 
passed through the diaphragm at the same distance from the axis. 
The ratio of the separation ds for each pair at angle @ to the separation 
d, for each corresponding axial pair in the object space was obtained. 
It was found that this ratio, ds/dy, was less than the cosine @. For 
#=30°, the percentage departure at f/6 was —10.3; at f/11, —9.5; 
and at f/20, —9.2. These values indicate that the effect is a maxi- 
mum at large aperture but decreases slightly with diminishing aper- 
ture. Similar behavior is seen in table 2 for Agoo./Ao, where it is 
upparent that the percentage departure from the cosine value is 
greater at f/6.3 than at f/11. 

The departure from the cosine value is greater for Aggo/Ayg than for 
dye/do. This discrepancy is undoubtedly due to the differences in the 
objects projected. In the first instance we are dealing with a circular 
area, Whereas in the second only a single diameter is considered. It 
is probable that the projection of additional diameters at several in- 
clinations to the initial diameter would permit an evaluation of the 
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areal effect. However, the present computations for a single diameter 
clearly indicate that the ratio Ag/Apg is affected by the lens design. 


Tasie 2.-—Deviation of As/Af from cosine 0 for lens Al 





Rela- Angular separation from the axis 


live : 
t . 
aper- Quantity ] 


ture > | soe | 15° |] 20° 


+0. 940 |+-0. 906 lio 866 +0. 819 


Cosine 6 ee 1+0. 985 |+-0. 966 
Aa/Ao-. RETA 962 | +. 923 


| 
| 
| +.867 | +. 799 | +. 725 | +. 637 
Cos 6—Ae/Ao | 023 | t.043 | +.073 
| 
| 
| 


+.107 | 4-.141 | +. 182 
Percentage of devia- 
tion. - pluael .0 ~2.3 |-—4.4 





~7.8 |-11.8 |—16.3 |—22.2 .|—36.4 


} | | | 
\fAalAe 1 1.000 | +.969 | +.944 | 4.886 | 4.820 | +. 731 |B+.647 | +. 550 | 
Cos 6—Ae/Ao | 0. 000 +.016 | +.022 | +.054 | +.086 | +.135 | +.172 | +. 216 
| Percentage of devia- | | 
| tion ; .0 oe | 2.3 | 


—5. |\—v. 5 | 15.6 |—21.0 |—28.2 


| | 








Finally, the relative illumination in the focal plane is obtained by 
multiplying the values of Ag/A,y shown in table 1 by cos’é. These 
values are given in table 3, and a graphic illustration for each lens is 
given in figure 3. Curve 1 in each box shows the value of cos*‘é and is 
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RELATIVE ILLUMINATION IN THE FOCAL PLANE 
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Figure 3.— Relative illumination in the focal plane, reflection losses ignored. 
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inserted for ready reference. The relation E,=E, cos*@ is followed 
within the limits of experimental errors by lenses B1 and C2 until 
vignetting begins, whereas E, <E, cos*‘@ for lenses Al and C7 through- 
out the entire range. It is accordingly clear that the loss in illumina- 
tion inherent in the lens design is greater for Al and C7 than the loss 
resulting from vignetting. 


TABLE 3.—Relative illumination in the focal plane 


Angular separation from the axis 


Relative . eee 


40° | 45° 
} 


aperture | | | | | 
} ‘ ar } 
| 


1.000) 0.984) 0.919 | 0.882 | 0.719 | 0.595 | 0.471 | 0.350} 0.219 | 0.087 
000 92 851 735 | .610 475 | 356 . 247 | 152 
000 |. 4X $65 761 643 | 520 .401| .286] .181 | 07% 
OvU | v7 93u Seid 770 . 672 572 | 150 | 316 | 138 
000 v77 y34 | S42 747 | .622 45] 363 |. 254 . 121 
U0 | | | .@60; .63 5O1 } 371 258 . 164 
O00 | ys2.} J s72 | 706 |. 847 | 3 229 106 017 
00 | | “g30] .862]  .769 668 -669 |. 411 110 | 

| | | } | | 


‘he values of the relative illumination obtained by this method of 
nensurement do not take into account possible loss in light resulting 
trom absorption in the glass or from reflections at the surfaces. How- 
ever, the values present a clear picture of the best possible performance 
of a given lens. 


III. RESOLVING POWER 


In the study of resolving power and distortion, the precision lens- 
(esting camera described by Gardner? and Case was used. The 
wethod of selecting the image plane of best average definition was the 
sume as that described in a previous paper.’ The principal modifica- 
tion in the equipment was the addition of three collimators that ex- 
tended the image region studied from 30° to 45° from the axis. 

The results of the measurements on resolving power are shown in 
tuble 4. In all cases, except for lenses 15, 17, 19, 22, 23, and 24, the 
/ values, listed in column 4, are the maximum. For lenses of a given 
type and focal length, the highest value of the axial resolving power 
is nearly constant. The variations on the axis that appear in table 4 
resulted from the necessity of selecting an image plane that yielded 
usable imagery throughout the entire field. Under these conditions, 
the resolving power on the axis sometimes falls below the maximum 
of which it is capable. 


‘J. Research NBS 18, 449 (1987) RP984. 
¢J. Research NBS 2%, 789 (1939) RP1216. 
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The curves shown in figures 4 and 6 illustrate the tangential and 
radial resolving powers for the lenses described in table 4. Identifica- 
tions are given in the upper right-hand corner of each box. Where 
more than one lens of a given type has been studied under identical 
conditions, the curves show the averaged values for the group instead 
of for a single lens. The solid-line curves show the tangential and the 
dotted-line curves, the radial resolving power. The separation of the 
two curves illustrates the astigmatic difference in the given image 
plane at each angle. 
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Figure 4.—Resolving power in the plane of best average definition for six types of 
wide-angle airplane-camera lenses. 


T, Tangential resolving power; R, radial resolving power. Lens identification by manufacturer and type 
in upper right-hand corner of each part. 
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Figure 5.—Resolving power in the plane of best average definition for four types of 
wide-angle airplane-camera lenses. 


T, Tangential resolving power; R, radial resolving power. The lens identification by the manufacturer and 
the type are given in upper right-hand corner of each part. 


Definite standards of performance have not yet been established by 
Government mapping agencies for wide-angle airplane-camera lenses. 
This is primarily due to their comparatively recent introduction into 
the field of airplane mapping and to the lack of sufficient data for the 
determination of what constitutes reasonable requirements. Tenta- 
tive specifications * set a minimum resolving power of 14 lines per 
millimeter for a focal length of 100 mm and 10 lines per millimeter for 
a focal length of 131 mm. 


IV. DISTORTION 


For the same angular range, the distortion of wide-angle airplane- 
camera lenses is no greater than that of lenses whose angular field 
ranges from 30° to 35° from the lens axis. When the entire field of 
the wide-angle lens is considered, there are generally larger distortions 
present than are usually permitted for lenses of smaller field. How- 
ever, the advantages that result from the greater field are such as to 
outweigh the need for low distortion. The distortions are kept as low 


4 These specifications are contained in a communication to this Bureau from the Department of the In- 
terior, Geological Survey, in July 1940. 
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as possible and as more of the lenses are made, it is reasonable to 
suppose that means of reducing the distortion will be found. In the 
tentative specifications mentioned earlier (see footnote 4), the maxi- 
mum allowable distortion referred to the equivalent focal length is 
+(.20 mm for 100-mm lenses and + 0.30 mm for 130-mm lenses. 
Table 5 lists the distortion for the lenses whose resolving powers are 
listed in table 4. For a given lens whose distortion is shown in table 
the resolving power is given under the same number in table 4; 


as 


column 3 gives the equivalent focal length, on the basis of which the 
values of the distortion shown in columns 4 to 12 are computed. 
Column 13 gives the calibrated focal length, on the basis of which the 
values of the distortion shown in columns 14 to 22 are computed. 
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Figure 6.—Distortion for 10 types of wide-angle airplane-camera lenses. 
F£, Distortion referred to the equivalent focal length; C, distortion referred to the calibrated focal length. 
For lens C1; G, distortion for a plane-parallel plate of glass of index 1.52and %-in. thickness; ?, distortion 


for combination of lens and plane-parallel glass plate. The lens identification by the manufacturer 
and the type are given in the upper center of each part. 
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The value of the distortion referred to the calibrated focal lengt| 
is the more significant one in evaluating the performance of a lens 
The calibrated focal le ngth is chosen to minimize the distortion ay, 
distribute it over the whole area of the image. The method of dete. 
mining the calibrated focal length from the equivalent focal lengt) 
and the advantages of doing so are described by Gardner.® 

The advantage of basing distortion values on the calibrated foca| 
length is shown in figure 6. Some idea of the range in distortion valu 
for a given type of lens is given in box A/, where the ave rage distortioy 
of eight lenses of the same type is plotted. The range in values fo; 
each angle is given by the vertical lines. It is interesting to note that 
the average curve corresponds closely to the values listed for lens 3, 
In this instance the calibrated and equivalent focal lengths are equa! 
and the distortion curves superpose. 

For lens 20 reduction of the distortion is accomplished by the inter. 
position of a ‘4-in. glass plate between the lens and the focal plane 
In figure 6, box C1, the distortion curv es for the lens alone, for a plane. 
parallel glass plate of index 1:52 and \-inch thickness, and for the 
combination of lens and aenounatial class plate are given. This is, 
however, a lens of foreign manufacture, and the present practice in 
the United States is to avoid the use of the glass pressure plate be- 
tween the lens and the focal plane. Lens 26, “shown in figures 5 and 
6, box F1, is a hypergon lens. It gives very satisfactory performance 
on resolving power and distortion, but the difficulty of manufacture 
and its small maximum stop opening, f/22, limit its use. 


WasHINGTON, April 23, 1942. 
5 J. Research NBS 22, 209 (1939) RP1177. 





